Studies of the growth and size distribution of aerorosol particles by Elleson, R.K.
Durham E-Theses




Elleson, R.K. (1976) Studies of the growth and size distribution of aerorosol particles, Durham theses,
Durham University. Available at Durham E-Theses Online: http://etheses.dur.ac.uk/9018/
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-proﬁt purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in Durham E-Theses
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full Durham E-Theses policy for further details.
Academic Support Oﬃce, Durham University, University Oﬃce, Old Elvet, Durham DH1 3HP
e-mail: e-theses.admin@dur.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk
STUDIES OF THE GROV.'TH AND_ SIZE JDljJJ^BUTIOJ 
OF AEROSOL PARTICLES 
by 
R. K. ELLESOIJ 3.A. 
The copyright of this thesis rests with the author. 
No quotation from it should be published without 
his prior written consent and information derived 
from it should be acknowledged. 
Submitted i n can d i d a t u r e f o r the degree o f H.So. i n 
the U n i v e r s i t y of Durham 
ABSTHACT 
A study i s made o f the t h e o r e t i c a l growth of s o l u b l e a e r o s o l 
p a r t i c l e s w i t h i n c r e a s i n g h u m i d i t y . The growth e q u a t i o n i s a p p l i e d 
t o sodium c h l o r i d e and ammonium s u l p h a t e p a r t i c l e s , chosen because 
of t h e i r s p e c i a l s i g n i f i c a n c e as atmospheric n u c l e i . The e f f e c t of 
p a r t i c l e growth on v i s i b i l i t y i s a l s o c o n s i d e r e d . An e x p e r i m e n t a l 
i n v e s t i g a t i o n o f the e f f e c t o f h u m i d i t y on p a r t i c l e s i z e i s c a r r i e d 
out u s i n g a r t i f i c i a l l y generated a e r o s o l s o f sodium c h l o r i d e and 
r.mmonium s u l p h a t e . I n a d d i t i o n a study i s made of the v a r i a t i o n i n 
the p a r t i c l e s i z e d i s t r i b u t i o n o f the atmospheric a e r o s o l measured 
c o n t i n u o u s l y over a 49 d.ay p e r i o d at Durham Observatory. 
A t h e o r e t i c a l growth r e l a t i o n , based on Mason's eq u a t i o n (1971) 
r e l a t i n g the s i z e of a s o l u t i o n d r o p l e t t o t h e r e l a t i v e h u m i d i t y 
of i t s environment, i s d e r i v e d , fj o v e l approximations are i n c o r p o r -
a t e d i n the a p p l i c a t i o n of the growth e q u a t i o n t o p a r t i c l e s of sodium 
c h l o r i d e and ammonium sul p h a t e and the r e s u l t s f o r sodium chloride-
agree w i t h Ikwon's e q u a t i o n t o w i t h i n 0.5$ over the dry p a r t i c l e 
--17 -11 
mass range from 3 x 10 g t o 3 x 10 g„ The p r e d i c t e d growth of 
ammonium su l p h a t e p a r t i c l e s w i t h r e l a t i v e h u m i d i t y i n d i c a t e s agree-
ment w i t h p r e v i o u s work, by Garland (1969). 
E x p e r i m e n t a l measurements v/ere made o f the growth o f sodium 
c h l o r i d e ammonium sulphate n u c l e i w i t h h u m i d i t y . The p a r t i c l e s , w i t h 
i n i t i a l r a d i u s between 2 x 10 cm and 3 x 10 cm } were generated by 
a C o l l i s o n atomizar and a l l o w e d t o grow i n a storage v e s s e l as the 
h u m i d i t y was i n c r e a s e d from about 60$ t o 92$. The e x p e r i m e n t a l 
measurements agree w e l l w i t h t h e t h e o r e t i c a l growth curves, chosen 
t o correspond as c l o s e l y as p o s s i b l e t o the e x p e r i m e n t a l p a r t i c l e 
s i z e a t the lowest h u m i d i t y . Average percentage i n c r e a s e s i n t h e 
p a r t i c l e r a d i u s of 60$ and 95$ f o r ammonium sul p h a t e and sodium 
c h l o r i d e p a r t i c l e s of i n i t i a l average r a d i i o f 3*0 x 10 cm and 
2.6 x 10 °cm r e s p e c t i v e l y v/ere o b t a i n e d as the h u m i d i t y was i n c r e a s e d 
from about 60$ t o 92$. 
Approximations t o Mie's t h e o r y of l i g h t s c a t t e r i n g were used 
t o c a l c u l a t e t h e e x t i n c t i o n c o e f f i c i e n t , a , f o r monodisperse a e r o -
s o l s o f sodium c h l o r i d e and ammonium s u l p h a t e as a f u n c t i o n o f s o l u t e 
mass per p a r t i c l e i n the range between 3 x 10~'"'g and 3 x 1 0 ~ ^ g a t 
h u m i d i t i e s of" 00$, 95$ and 99$. The r e s u l t s i n d i c a t e t h a t t h e sodium 
c h l o r i d e p a r t i c l e s are more e f f i c i e n t i n r e d u c i n g v i s i b i l i t y t h an 
ammonium su l p h a t e p a r t i c l e s by f a c t o r s v a r y i n g from about 1.3 t o 5.5 
over the v/holp range of h u m i d i t y and d r y p a r t i c l e mass. C a l c u l -
a t i o n s show t h a t , f o r b o t h s a l t s , a Junge p a r t i c l e s i z e d i s t r i -
b u t i o n i s about t w i c e as e f f e c t i v e a t r e d u c i n g v i s i b i l i t y as a 
monodisperse a e r o s o l of the same s a l t w i t h p a r t i c l e r a d i u s equal 
t o the mass median o f ' t h e Junge d i s t r i b u t i o n . ? 
A study o f the v a r i a t i o n i n the p a r t i c l e s i z e d i s t r i b u t i o n 
o f the atmospheric a e r o s o l i n the r a d i u s range 0,25 ~ 5»0 m i c r o -
metres, measured at Durham Observatory over a p e r i o d o f 49 days 
from 21 J u l y t o 8 September 1975j i n d i c a t e s t h a t the d i s t r i b u t i o n 
c l o s e l y f o l l o w s the shape of a Junge l o g - r a d i u s d i s t r i b u t i o n w i t h 
a s l o p e , ^, equal t o 2>.0A, The average d i u r n a l v a r i a t i o n over t h e 
p e r i o d shovs maximum and minimum number c o n c e n t r a t i o n o c c u r r i n g 
between 0200 and 0800 hours B.S.T. and 1400 and 2000 hours B.S.T. 
r e s p e c t i v e l y . The gen e r a l i n c r e a s e i n the p a r t i c l e number concen-
t r a t i o n , p a r t i c u l a r l y i n the lower s i z e ranges, d u r i n g the p e r i o d 
nnnn i-.n n<nr* v i n . i - ^ r . ^. ->„4.4._-;T~..-L_ri J-~ - . . J 1. 
d i t y . T h i s i s r e f l e c t e d i n the ' p o s i t i v e c o r r e l a t i o n c o e f f i c i e n t 
between p a r t i c l e number c o n c e n t r a t i o n and r e l a t i v e h u m i d i t y . 
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CHAPTER 1 
THE GROWTH AMD SIZE DISTRIBUTION OF AEROSOL PARTICLES 
1.1 General I n t r o d u c t i o n 
The n a t u r a l atmospheric a e r o s o l c o n s i s t s of s o l i d i n s o l u b l e 
p a r t i c l e s . , o f s o l u b l e p a r t i c l e s g i v i n g r i s e t o pure s o l u t i o n 
d r o p l e t s and o f mixed n u c l e i t h a t have b o t h s o l u b l e and i n s o l u b l e 
components. Since the l a s t two groups o f n u c l e i are hygroscopic 
t h e y may be p r e f e r r e d as cen t r e s o f condensation, t h e i r e f f i c i e n c y 
b e i n g determined by t h e i r s i z e and chemical n a t u r e . I t i s u n l i k e l y 
t h a t non-hygroscopic p a r t i c l e s p l a y a s i g n i f i c a n t r o l e i n c l o u d 
f o r m a t i o n . A c o n s i d e r a b l e p r o p o r t i o n of n a t u r a l a e r o s o l p a r t i c l e s 
c o n s i s t o f hygroscopic s a l t s which grow w i t h i n c r e a s i n g r e l a t i v e 
h u m i d i t y . Observations u s i n g an e l e c t r o n microscope suggest t h a t 
a l a r g e p r o p o r t i o n o f p a r t i c l e s c o l l e c t e d o v e r l a n d are of mixed 
•of these mixed p a r t i c l e s disappear. I n mar i t i m e - a i r , t he s e a - s a l t 
n u c l e i c o n t a i n p r a c t i c a l l y no i n s o l u b l e component. 
Since t h e number c o n c e n t r a t i o n o f a e r o s o l p a r t i c l e s i s much 
gre'ater than t h a t o f c l o u d d r o p l e t s o n l y a s m a l l f r a c t i o n o f the 
p o t e n t i a l n u c l e i i s used i n the c l o u d condensation process. I f a 
d r o p l e t i s formed on a w h o l l y or p a r t i a l l y s o l u b l e nucleus, the 
e q u i l i b r i u m vapour pressure i s reduced by an amount depending on 
the n a t u r e and s o l u t i o n c o n c e n t r a t i o n o f the d r o p l e t . T h i s nieans 
t h a t condensation onto the nucleus w i l l be able t o set i n a t a 
lower s u p e r s a t u r a t i o n than would be the case i f t h e o r i g i n a l 
p a r t i c l e was i n s o l u b l e . Condensation f i r s t occurs i n a c o o l i n g 
a i r mass on the l a r g e s t hygroscopic nucleus p r e s e n t . The concen-
t r a t i o n o f the more e f f i c i e n t n u c l e i and the r a t e a t which water 
vapour i s made a v a i l a b l e f o r condensation by c o o l i n g of t h e a i r 
determines whether or not a nucleus o f a p a r t i c u l a r s i z e i s 
a c t i v a t e d t o become a c l o u d d r o p l e t . 
Condensational growth i s the i n i t i a l growth mechanism f o r 
c l o u d d r o p l e t s and hence a knov/ledge o f the i n c r e a s e o f a e r o s o l 
p a r t i c l e s i z e w i t h i n c r e a s i n g h u m i d i t y i s i m p o r t a n t i n c l o u d 
growth s t u d i e s . The h y g r o s c o p i c i t y o f atmospheric n u c l e i can a l s o 
promote b o t h f o g and c l o u d f o r m a t i o n . These t o p i c s t o g e t h e r w i t h 
the e f f e c t o f p a r t i c l e growth on v i s i b i l i t y are discussed more 
f u l l y i n the f o l l o w i n g s e c t i o n s . 
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1.2 Condensation on Soluble P a r t i c l e s 
I f a d r o p l e t i s formed on a w h o l l y or p a r t i a l l y s o l u b l e 
n u c l e u s , t h e e q u i l i b r i u m vapour pressure at t h e s u r f a c e o f t h e 
drop i s reduced by an amount which depends on the chemical n a t u r e 
and c o n c e n t r a t i o n of t h e s o l u t i o n . Condensation w i l l occur a t 
a lower s u p e r s a t u r a t i o n than on an i n s o l u b l e nucleus o f the same 
s i z e . 
For'a pure d r o p l e t t h e c r i t i c a l r a d i u s r ^ t h a t an aggregate 
of molecules must a t t a i n i n order GO be i n e q u i l i b r i u m w i t h t h e 
s u r r o u n d i n g vapour was f i r s t deduced by K e l v i n (1870) and i s g i v e n 
by t h e r e l a t i o n 
- 2Mo/oRT \u[P/pJ (1 .1 
where P i s t h e pressure of the s u p e r s a t u r a t e d vapour, P^ i s th e 
e q u i l i b r i u m vapour pressure at temperature T over a plane s u r f a c e 
of t h e l i q u i d , & i s t h e s u r f a c e t e n s i o n of t h e d r o p l e t , ^ ) i s t h e 
d e n s i t y o f the l i q u i d . , R i s the u n i v e r s a l gas constant arid m i s 
uhe molecular weignc 01 the l i q u i d , e q u a t i o n i . i was m o d i f i e d , 
• f i r s t l>y K o h l e r (1921) and l a t e r by Wright (l93o"), t o y i e l d an 
e x p r e s s i o n f o r the e q u i l i b r i u m vapour pressure at the s u r f a c e o f 
a s o l u t i o n d r o p l e t . W r i g h t ' s e x p r e s s i o n f o r the; vapour pressure 
P , 1 o f a s o l u t i o n d r o p l e t o f r a d i u s r 1 i s g i v e n by the e q u a t i o n 
b* = r y D ( 2crM i _ 3imoM 
» p'RTr' W p ' V 
(1.2 
Pn ' Tr" { r r r y W 
where P^ i s the e q u i l i b r i u m vapour pressure over a plane water 
s u r f a c e , m i s t h e mass of the s o l u t e i n grammes, M i s th e mole-es 
c u l a r weight o f watur, ^' i s the d e n s i t y of the s o l u t i o n d r o p l e t , 
Wis the m o l e c u l a r weight o f the s o l u t e and i i s the van't H o f f 
f a c t o r which a l l o w s f o r the m o d i f i c a t i o n of R aoult's Law t o 
i n c l u d e e l e c t r o l y t i c s o l u t i o n s . The v a n ' t H o f f f a c t o r v a r i e s w i t h 
the chemical n a t u r e and c o n c e n t r a t i o n o f the s o l u t i o n . Wright 
assumed i t o be c o n s t a n t f o r a l l c o n c e n t r a t i o n s . 
Mason (1971) d e r i v e s a new form f o r the e q u i l i b r i u m vapour 
pressure over a s o l u t i o n d r o p l e t . T h i s i s discussed i n more d e t a i l 
i n S e c t i o n 2.2. Using e x p e r i m e n t a l l y d e r i v e d v a l u e s of t h e v a n ' t 
H o f f f a c t o r , i , from McDonald (1953), Mason found t h a t t h e numer-
i c a l d i f f e r e n c e betv/een h i s e x p r e s s i o n and t h a t o f Wright was 
never more than a few per cent except f o r s m a l l h i g h l y c o n c e n t r a t e d 
d r o p l e t s . Values of i f o r e i g h t e l e c t r o l y t e s over a range of 
m o l a l i t y from 0.0001 have been t a b u l a t e d by Low (1969) and these 
values are used i n the c a l c u l a t i o n s d e s c r i b e d i n Chapter 2. 
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1.3 The Grov/th o f S a l t H u c l e i w i t h H u m i d i t y 
Desrsens (1949) w a s o n e °f 'the f i r s t workers t o study the 
growth of s a l t n u c l e i . He used l a r g e p a r t i c l e s o f sodium c h l o r i d e 
and z i n c c h l o r i d e suspended from v e r y f i n e s p i d e r s ' webs i n an 
u n s a t u r a t e d environment o f c o n t r o l l e d h u m i d i t y . S i m i l a r r e s u l t s 
were o b t a i n e d by Junge (1952a) who measured the e q u i l i b r i u m r a d i i 
o f a r t i f i c i a l n u c l e i o f ca l c i u m c h l o r i d e and sodium c h l o r i d e . He 
demonstrated (1952b) t h a t the growth of atmospheric a e r o s o l 
p a r t i c l e s i n c o n t i n e n t a l a i r masses showed d e v i a t i o n s from the 
t h e o r e t i c a l p r e d i c t i o n s . The grov/th curves o f i n d i v i d u a l p a r t i c l e s 
showed c o n s i d e r a b l e v a r i a t i o n but the average v a l u e s were r a t h e r 
u n i f o r m w i t h l i t t l e growth below about 70% r e l a t i v e h u m i d i t y and 
a s m a l l e r growth above 70$ t h a n t h e o r y p r e d i c t e d f o r pure s a l t s . 
T h i s behaviour was e x p l a i n e d a t t h e time by a m i x t u r e of s o l u b l e 
and i n s o l u b l e m a t t e r i n each p a r t i c l e t hus i n t r o d u c i n g t h e now 
g e n e r a l l y accepted concept o f "mixed n u c l e i " . 
u s i n g m o b i l i t y measurements xo determine p a r u i c i e s i z e Orr, 
Kurd and C o r b e t t (1956) o b t a i n e d reasonable agreement w i t h t h e 
the n a v a i l a b l e growth e q u a t i o n s f o r p a r t i c l e s of sodium c h l o r i d e 
and c a l c i u m c h l o r i d e and o t h e r s a l t s w i t h i n i t i a l r a d i u s between 
/• r 
2 x 10 cm and 3 x 10 cm. More r e c e n t l y , W i n k l e r and Junge (1972) 
have d e s c r i b e d a g r a v i m e t r i c method f o r d e t e r m i n i n g the grov/th o f 
atmospheric a e r o s o l p a r t i c l e s as a f u n c t i o n o f r e l a t i v e h u m i d i t y . 
They found t h a t the c o n t i n e n t a l a e r o s o l h«is a growth curve which 
i n d i c a t e s c o n s i d e r a b l y l e s s water a b s o r p t i o n than f o r pure s a l t s . 
I n a d d i t i o n t hey found t h a t the presenue of i n s o l u b l e m a t t e r i n 
th e p a r t i c l e s has the e f f e c t o f r e d u c i n g t o t a l growth and of 
smoothing the growth c u r v e . 
Since sodium c h l o r i d e i n the form o f s e a - s a l t c o n s t i t u t e s 
t h e l a r g e s t s i n g l e component o f p a r t i c u l a t e m a t t e r i n the ptmos-
phere i t was decided t o study the growth of sodium c h l o r i d e i n 
th e l a b o r a t o r y w i t h i n c r e a s i n g r e l a t i v e h u m i d i t y . The r e c e n t 
work of Eg g l e t o n (19^9) and Heard and W i f f e n (1969) has shown 
ammonium s u l p h a t e t o be another i m p o r t a n t c o n s t i t u e n t p a r t i c u l a r l y 
i n c o n t i n e n t a l atmospheric a e r o s o l s . Heard and W i f f e n have shown 
t h a t on many occasions most o f the p a r t i c l e s i n haze c o n d i t i o n s 
are n e a r l y pure ammonium s u l p h a t e . Twomey (1971) i s of t h e o p i n i o n 
t h a t most o f the clou d n u c l e i over the sea are composed o f 
ammonium s u l p h a t e , formed by gaseous r e a c t i o n s i n the atmosphere 
over the c o n t i n e n t s . . However, i n s p i t e o f the importance o f 
ammonium s u l p h a t e n u c l e i i n the atmospheric a e r o s o l few c a l c u -
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l a t i o n s o f p a r t i c l e growth have heen p u b l i s h e d . Both t h e o r e t i c a l 
and e x p e r i m e n t a l work on t h e growth of sodium c h l o r i d e and 
ammonium s u l p h a t e p a r t i c l e s w i t h r e l a t i v e h u m i d i t y are d e s c r i b e d 
i n Chapters 2 and 4» 
1.4 The E f f e c t of Atmospheric P a r t i c l e s on V i s i b i l i t y 
S o l i d and l i q u i d a e r o s o l p a r t i c l e s i n t h e atmosphere reduce 
the v i s i b i l i t y . An i m p o r t a n t c o n t r i b u t i o n t o t h e l o w e r i n g o f 
v i s i b i l i t y i s made by the condensation of water vapour on p a r t i c -
l e s a t t h e h i g h e r v a l u e s o f r e l a t i v e h u m i d i t y . I n the most g e n e r a l 
case both s c a t t e r i n g and a b s o r p t i o n o f l i ' h t c o n t r i b u t e , t o the 
e x t i n c t i o n o f l i g h t between o b j e c t and observer. The g e n e r a l ex-
p r e s s i o n f o r O i g h t e x t i n c t i o n i s 
I = Iexp{-ffl) ( 1 * 3 ) 
where I ±P the i n i t i a l l i g h t i n t e n s i t y , I i s the i n t e n s i t y a f t e r 
1 wu j j a b c s a g c along a disi/cinOts I c i i i u o J . B Lite e j s . b i n u t i o n c o e i f i c i e n x 
•and i s t h e sum o f two terms, 
f ?= C . cr (1.4) 
abs scatt 
Here c r h j i s due t o a b s o r p t i o n ty gases and p a r t i c l e s but 
i s c o n s i d e r e d s m a l l compared w i t h ( M i d d l e t o n , 1963). The 
s c a t t e r i n g c o e f f i c i e n t , f " S t m l , i s t h e dominant f a c t o r c a u s i n g 
changes i n v i s i b i l i t y i n the atmosphere. The e x t i n c t i o n c o e f f i c i e n t , 
C, i s r e l a t e d t o the v i s i b i l i t y by the Koschmieder r e l a t i o n s h i p , 
Visual range = 2£L (1.5) 
a 
as d e r i v e d by M i d d l e t o n (I963, p. 105). M i d d l e t o n a l s o shows t h a t 
t h e e x t i n c t i o n c o e f f i c i e n t f o r a monodisperse a e r o s o l of p a r t i c l e 
r a d i u s a and c o n c e n t r a t i o n . N i s g i v e n by 
o-=NKna2 
where K i s the s c a t t e r i n g area r a t i o or the r a t i o o f the area o f 
the v/avefront a f f e c t e d by t h e p a r t i c l e t o the c r o s s - s e c t i o n a l area 
o f t h e p a r t i c l e i t s e l f . K i s a f u n c t i o n o f the p a r t i c l e r a d i u s 
t o t h e wavelength, ~k , o f th e i n c i d e n t r a d i a t i o n and of t h e r e f r a c t -
i v e index o f the p a r t i c l e . I t i s u s u a l l y t a b u l a t e d a g a i n s t the 
parameter ©< = 2 j r a ^ f o r s p e c i f i c v a l u e s of the r e f r a c t i v e i n d e x . 
I n t e r e s t i n the r e l a t i o n s h i p between r e l a t i v e h u m i d i t y and 
v i s u a l range dates back at l e a s t t o the s t u d i e s o f Wright (1939) 
i n t h e atmospheric o p a c i t y a t V a l e n t i a . His r e s u l t s showed t h a t , 
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i n m a r i t i m e a i r , the atmospheric o p a c i t y v a r i e d w i t h r e l a t i v e hu-
m i d i t y .in much t h e same way as t h e o r y would suggest f o r a sodium 
c h l o r i d e a e r o s o l . More r e c e n t l y , Garland (1969) has made a study 
o f t h e e f f e c t o f ammonium sulphate p a r t i c l e s on v i s i b i l i t y = T h i s 
work w i l l be discussed i n more d e t a i l i n Chapter 4. Hanel (1972) 
has computed e x t i n c t i o n c o e f f i c i e n t s o f atmospheric a e r o s o l p a r t -
i c l e s w i t h r e l a t i v e h u m i d i t y . His c a l c u l a t i o n s are based on measure-
ments of t h e d e n s i t y , r e f r a c t i v e index and c o e f f i c i e n t of mass 
incr e a s e w i t h h u m i d i t y o f atmospheric a e r o s o l . His r e s u l t s agree 
t o w i t h i n a few per cent w i t h those o b t a i n e d by Mie t h e o r y , which 
i s the complete r i g o r o u s t h e o r y f o r the s c a t t e r i n g o f l i g h t by 
i s o t r o p i c , s p h e r i c a l p a r t i c l e s developed by Mie (1908). 
Covert, Charlson and A h l q u i s t (1972) have measured the l i g h t 
s c a t t e r i n g c o e f f i c i e n t o f a r t i f i c i a l l y produced n u c l e i i n t h e 
l a b o r a t o r y over a wide range o f h u m i d i t y , w i t h an i n t e g r a t i n g 
nephelometer. However, T h e i r r e s u l t s have not been compared w i t h 
pi : duiUi;cU Vdi l ic t i Ol "Cue tsXC J.11C I xOn uue l 1 xCieil'G • 
The e f f e c t o f p a r t i c l e mass on the e x t i n c t i o n c o e f f i c i e n t 
f o r monodisperse a e r o s o l s o f sodium ch?.oiide and ammonium s u l p h a t e 
i s s t u d i e d i n Chapter 2. I n a d d i t i o n , t h e i n f l u e n c e o f a range o f 
p a r t i c l e s i z e d i s t r i b u t i o n s on t h e e x t i n c t i o n c o e f f i c i e n t as t h e 
r e l a t i v e h u m i d i t y i s v a r i e d i s examined. 
1*5 Aerosol P a r t i c l e Size D i s t r i b u t i o n s 
The s i z e and c o n c e n t r a t i o n of atmospheric a e r o s o l p a r t i c l e s 
i n f l u e n c e s the r a t e of growth of c l o u d d r o p l e t s and a l s o a f f e c t s 
v i s i b i l i t y . A c o n s i d e r a b l e amount of e x p e r i m e n t a l work has been 
c a r r i e d out i n an attempt t o understand the n a t u r a l v a r i a t i o n s 
i n p a r t i c l e c o n c e n t r a t i o n and s i z e d i s t r i b u t i o n , p a r t i c u l a r l y f o r 
t h e l a r g e and c i a n t n u c l e i . Junge (1953) used a two stage konimeter 
t o determine the s i z e d i s t r i b u t i o n o f t h e a e r o s o l a t F r a n k f u r t , i n 
the Zugspitze and on Mount Taurus. He found t h a t p a r t i c l e s o f 
r a d i u s r > 0.1 micrometres obeyed a s i z e d i s t r i b u t i o n lav/ o f t h e 
form 
n ( r ) = d N _ (1.7 
d(logr) 
where clN i s the .number o f p a r t i c l e s i n the r a d i u s i n t e r v a l d ( l o g r ) . 
Equation 1.7 means t h a t the p a r t i c l e s i n each l o g a r i t h m i c i n t e r v a l 
o f r a d i u s c o n t r i b u t e e q u a l l y t o t h e mass c o n c e n t r a t i o n o f the aero-
s o l . 
Cartwrig'ht e t a l . (1956) used an e l e c t r o n microscope t o s i z e 
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p a r t i c l e s , c o l l e c t e d by a t h e r m a l p r e c i p i t a t o r , i n the r a d i u s 
range.0.03 t o 0.9 micrometres. Twomey and Severynse (I964) 
determined t h e s i z e d i s t r i b u t i o n o f the n a t u r a l a e r o s o l by means 
o f a d i f f u s i o n b a t t e r y i n c o n j u n c t i o n w i t h a p h o t o e l e c t r i c nucleus 
coun t e r at v a r i o u s stages o f d i f f u s i o n a l decay. F r i e d l a n d e r and 
P a s c e r i (19^7) measured the s i z e d i s t r i b u t i o n i n t h e r a d i u s range 
0.4 t o 20 micrometres u s i n g a f o u r stage G a s e l l a irnpactor. They 
found good agreement w i t h t h e Junge form o f t h e s i z e d i s t r i b u t i o n 
c u r v e . 
At t h e I n t e r n a t i o n a l V/^rkshop on Condensation and I c e N u c l e i 
(1971), Vfhitby and Husar found t h a t the n a t u r a l a e r o s o l measured 
at F o r t C o l l i n s , Colorado was s i m i l a r t o t h a t o b t a i n e d by Junge 
i n t b s South A t l a n t i c . Whitby and Husar used t h e Minnesota A e r o s o l 
A n a l y s i n g System (MAAS) t o make t h e i r measurements. T h i s system 
c o n s i s t s o f an o p t i c a l p a r t i c l e c ounter o p e r a t i n g i n t h e r a d i u s 
range from 0.5 t o 12 micrometres, an e l e c t r i c a l a e r o s o l a n a l y s e r 
o p e r a t i n g over the range O.OOY5 t o O.b micrometres ar.d a conden-
s a t i o n nucleus counter f o r t h e A i t k e n n u c l e i range, 
Jungn i.nd Jaenicke (1971) have presented background a e r o s o l 
p a r t i c l e s i z e d i s t r i b u t i o n d a t a c o l l e c t e d d u r i n g the A t l a n t i c 
E x p e d i t i o n o f t h e R. V. Meteor over 24 days from A p r i l 13th., 
19^9- The f o l l o w i n g apparatus was'used t o cover t h e whole s i z e range 
of n a t u r a l a e r o s o l s : The r o t a t i n g impactor c o v e r i n g the s i z e range 
from 20 t o 100 micrometres radius? a s i n g l e stage nozzle irnpactor 
c o v e r i n g t h e s i z e range from 3 t o 30 micrometres r a d i u s ; ' a set o f 
double impcictors f o r t h e range from 0.1 t o 0,7 n,icrometres; a 
Royco 220 o p t i c a l x ^ a r t i c l e counter f o r the s i z e range from 0.3 t o 
3 micrometres? a p h o t o g r a p h i c condensation nucleus c o u n t e r con-
s t r u c t e d t o cover s m a l l c o n c e n t r a t i o n s i n the range from 0.01 t o 
0,2 micrometres and a d i f f u s i o n b a t t e r y t o cover t h e s m a l l e s t s i z e 
range from about 0.01 down t o about 0.001 micrometres r a d i u s . As 
s t a t e d by t h e a u t h o r s , f u r t h e r d e t a i l s i n a d d i t i o n t o t h e t o t a l 
c o n c e n t r a t i o n measured by each i n s t r u m e n t v/ould have overcrowded 
t h e i r diagram ( F i g u r e 4 ) . They found two maxima i n the p a r t i c l e 
s i z e d i s t r i b u t i o n c u r v e , one above 0.1 micrometre and the o t h e r 
a t t h e s m a l l p a r t i c l e end. The d i s t r i b u t i o n above 0.3 micrometres 
r a d i u s shows a steady decrease u n i n t e r r u p t e d by secondary maxima. 
Whitby e t a l . . (1975) presented p a r t i c l e s i z e d i s t r i b u t i o n 
d a t a f o r a 24 hour p e r i o d on 19th. and 20th. September 1972 o f 
a e r o s o l sampled a l o n g the Harbor Freeway i n Los Angeles, C a l i f o r n i a . 
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Pour a e r o s o l p a r t i c l e c o u n t i n g i n s t r u m e n t s were used and c o n s i s t e d 
of a condensation nucleus counter, a Whitby A e r o s o l Analyser 
System and a p a i r o f Royco 220 and 245 o p t i c a l p a r t i c l e c o u n t e r s . 
The l a s t t h r e e i n s t r u m e n t s had o p e r a t i n g p a r t i c l e r a d i u s ranges 
o f 0.005-0.211, 0.211-2.81 and 2,81-19.0 micrometres. They found 
t h a t the f r e s h freeway a e r o s o l i s m o s t l y below 0.075 micrometres 
i n r a d i u s . 
I n Chapter 5 measurements are presented o f the n a t u r a l a e r o s o l 
s i z e d i s t r i b u t i o n i n t h e r a d i u s range 0.25 "to 5*0 micrometres u s i n g 
a c a l i b r a t e d Royco model 225 p a r t i c l e c o u n t e r . Continuous measure-
ments v/ere made a t Durham Observatory over a 49 li-ay p e r i o d from 
J u l y 21st. t o September 8th. 1975* A c o r r e l a t i o n a n a l y s i s o f these 
measurements w i t h the more common m e t e o r o l o g i c a l v a r i a b l e s i s c a r r i e d 
o u t . 
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CHAPTER 7 
THE THEORETICAL GROWTH OF HYGROSCOPIC PARTICLES V.TTH 
HUMIDITY Ai.'Ii THE EFFECT OH VISIBILITY 
2.1 I n t r o d u c t i o n 
The t h e o r y o f the growth of water s o l u b l e a e r o s o l p a r t i c l e s 
has been c o n s i d e r e d by many workers, f o r example by Orr et a l . 
(1958), Low (1969), Hanel (1970) and Mason (1971). There have 
been t h r e e d i f f e r e n t approaches i n t h e t h e o r e t i c a l t r e a t m e n t o f 
the growth o f s o l u b l e p a r t i c l e s w i t h h u m i d i t y . 
F i r s t l y , a growth e q u a t i o n was developed by Mason (1971) 
which used e x p e r i m e n t a l values of the van't H o f f f a c t o r determined 
by McDonald (1953). Low (19o9) d e r i v e s an a n a l y t i c a l e x p r e s s i o n 
f o r the growth e q u a t i o n , u s i n g the mean i o n i c a c t i v i t y c o e f f i c i e n t 
. p a r t i c l e growth depends. Abundant e x p e r i m e n t a l data on $ i s a v a i l -
able and possesses the advantage t h a t i m p o r t a n t p r o p e r t i e s such 
as t h e l o w e r i n g o f vapour pressure i n e l e c t r o l y t i c s o l u t i o n s can 
be r e a d i l y computed. 
The t h i r d approach, used by Kanel (1970), i s based on the 
measured v a l u e s o f the volume and mass inc r e a s e of atmospheric 
a e r o s o l p a r t i c l e s and appears t o be v a l i d over the e n t i r e h u m i d i t y 
range. Hanel's growth equations can o n l y be a p p l i e d t o b u l k atmos-
p h e r i c a e r o s o l f o r " h i c h t h e v a r i a t i o n o f mass w i t h h u m i d i t y i s 
known. 
The t h e o r e t i c a l growth of a e r o s o l p a r t i c l e s o f sodium c h l o r -
ide and ammonium s u l p h a t e w i t h h u m i d i t y i s o u t l i n e d i n the f o l l o w -
i n g s e c t i o n s . The fundamental growth e q u a t i o n i s b r o a d l y based on 
the t r e a t m e n t by Mason (1971). Some new procedures and app r o x i m a t i o n s 
are used i n t h e a p p l i c a t i o n of the growth e q u a t i o n t o the p r e d i c t i o n 
of a e r o s o l p a r t i c l e s i z e w i t h v a r y i n g h u m i d i t y . A comparison i s 
made between t h e growth curves and those p l o t t e d by Mason. 
The e f f e c t o f p a r t i c l e growth on v i s i b i l i t y i s a l s o examined 
u s i n g a p p r o x i m a t i o n s t o Mie's t h e o r y due t o Diermendjian (I96O) 
and Penndorf (1962). E x t r a p o l a t i o n procedures s i m i l a r t o those des-
c r i b e d above are used t o p r e d i c t the v a r i a t i o n o f p a r t i c l e r e f r a c t -
i v e index w i t h s o l u t i o n c o n c e n t r a t i o n . The r e s u l t s are compared 
w i t h work c a r r i e d out by Garland (1969) and Hanel- (1971). A study 
i s a l s o made o f the e f f e c t o f p a r t i c l e mass and p a r t i c l e s i z e d i s - ' 
- 8 -
t r i b u t i o n f o r sodium c h l o r i d e and ammonium s u l p h a t e on the 
e x t i n c t i o n c o e f f i c i e n t <r. 
g.2 D e r i v a t i o n of a.n e q u a t i o n r e l a t i n g P a r t i c l e Radius t o 
Humidity 
The /apour pressure P^ over a d r o p l e t o f pure v/ater o f r a d i u s 
r exceeds, t h a t over a plane water s u r f a c e P^ at t h e same tempbr-
a t u r e i n accordance w i t h t h e exp r e s s i o n 
where cr i s the s u r f a c e t e n s i o n of the d r o p l e t , H i s the molecular 
w e i g h t o f water, R i s t h e u n i v e r s a l gas constant and 'f i s the 
abs o l u t e t e m p e r a t u r e . 
Thus the minimum s u p e r s a t u r a t i o n a t which the d r o p l e t can 
e x i s t i s g i v e n by 
S « [exp(^)-Ux100 
At t h i s s u p e r s a t u r a t i o n p a r t i c l e s s m a l l e r -than r v / i l l evap-
o r a t e w h i l e l a r g e r p a r t i c l e s w i l l grow i n d e f i n i t e l y as water our-
denses onto t h e i r s u r f a c e . 
The e f f e c t o f a d i s s o l v e d s a l t i n the d r o p l e t i s t o reduce 
the vapour pressure over i t s s u r f a c e . For a s o l u t i o n o f con s t a n t 
c o n c e n t r a t i o n t h i s can be d e s c r i b e d by the r e l a t i o n 
P.. Trr'u.' 
d ' • RTr' [o. \\ 
•oo \ • 
where the dashed q u a n t i t i e s are d e f i n e d as above but r e f e r t o t h e 
s o l u t i o n d r o p l e t . V 1 i s the p a r t i a l molar volume o f v/ater i n the 
w 
s o l u t i o n and £ i s known as the c u r v a t u r e c o r r e c t i o n . 
Since t h e s o l u t i o n c o n c e n t r a t i o n i s a f u n c t i o n o f the d r o p l e t 
r a d i u s r ' the vapour p r e s s u r e over the plane s o l u t i o n a l s o depends 
on r ' . The vapour p r e s s u r e P over the sur f a c e o f s o l u t i o n drop-
l e t exceeds t h a t over a plane s u r f a c e o f the s o l u t i o n a c c o r d i n g 
t o the e x p r e s s i o n 
1 P . R T r ( 2 . 4 ) 
The f o l l o w i n g a p p r o x i m a t i o n i s used i n the c a l c u l a t i o n s : 
W W o 
(2.5) 
where ^ i s the d e n s i t y o f pure water and V w i s the molar volume 
of pure w a t e r . Use o f t h i s a p p r o x i m a t i o n , as shown by a c l o s e ex-
am i n a t i o n of the measured d e n s i t i e s of aqueous s o l u t i o n s , has been 
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made by Han e l (1970). On the other- lu-nd numerous authors i n c l u d i n g 
Orr (195-3), Mason (1971), Low (I969) use M/p' i n place of the 
p a r t i a l molar volume o f water i n t h e s o l u t i o n , V 1 , which leads 
t o .-substantial e r r o r , p a r t i c u l a r l y f o r s m a l l d r o p l e t s , as i n d i c a -
t e d i n Table 2.1 from II an e l (1970). 
S a l 
p V;i' (cm
3/;.iol) I5v; (om 3/;=Iol) 
0.76 17.80 15.04 
0.80 17 .84 15.36 
O.85 17.89 15.79 
0.90 17.95 16.35 
0.95 10.01 17. on 
1.00 18,05 18.03 
Table 2.1 The d i f f e r e n c e between the m a r t i a l 
M... 
inolar v olivine of water, V ' , and the r a t i o —-
of the molecular ".vei&ht of water t o the s o l -
u t i o n d e n s i t y as a f u n c t i o n o f the vapour p r e s -
sure r a t i o 
Lc0 
f o r aqueous H a d at IS 
I t can be seen from t h e t a b l e t h a t V 1 d i f f e r s from V the molar 
w w 
volume o f pure water by- l e s s than 3/'- as the h u m i d i t y i s v a r i e d 
from 76 t o 100 per c e n t . 
Equation 2,4 i a n now be w r i t t e n as 
~ p«> e R T r , (2.6) 






where m Q i s the mass of the d r y s o l u t e , W i s the m o l e c u l a r weight 
of the s o l u t e and i i s the van't H o f f f a c t o r . 
D i r e c t comparison o f Equations 2.6 and 2.7 can be made, 
n o t i n g t h a t a d i f f e r e n t a-onroximation f o r V 1 has been made i n 
w each case. T h i s y i e l d s the r e s u l t 
P » _ M | ITVM ^ ] W 
so Equation 2.6 now becomes 
= [1* im„M expi 2q'M p Wl|7no-m 0r • pRTr' 




atmosphere the vapour pressure over i t s s u r f a c e , P , must equal 
the p a r t i a l p r essure o f water i n the a i r . 
Hence H 
100 
where H i s the r e l a t i v e h u m i d i t y o f the a i r . 
E q u a t i o n 2 .9 now becomes 
100 l 1 + W ( 4 > p ' - m 0 ) J e X p l o R T r J ( 2 # 1 0 ) 
T h i s e q u a t i o n can be used t o c a l c u l a t e the r a d i u s o f the 
s o l u t i o n d r o p l e t i n e q u i l i b r i u m w i t h the atmosphere at a s p e c i f i e d 
r e l a t i v e h u m i d i t y . 
Using r Q as the e q u i v a l e n t r a d i u s o f the d r y p a r t i c l e we 
may w r i t e 
(2 .11) 
v/here p0 i s t h e d e n s i t y of the dry p a r t i c l e , 
„ T X-
-fO/M 
P7r'\3 ' * ' exp{plfF] x100°/o (2 .12) 
At a temperature T of 25 C (T = 2 9 8k), the p a r a m e t e r s p , M and R 
- \ 7 - 1 - 1 
possess the v a l u e s 0.997g cm , l 8 . 0 2 g and 0.317 - 10 e r g mole K 
r e s p e c t i v e l y . 
T h e r e f o r e we can w r i t e Equation 2.12 
H (25°C): 
r' 
1 t l M 2 i w 1 e x p ( U 5 9 x i n 9 - ? : ) x 100% ( 2 . 1 3 ) 
2.3 Use o f the Growth Equation 
Equation 2 .13 i s t h e fundamental e q u a t i o n r e l a t i n g h u m i d i t y 
t o p a r t i c l e r a d i u s . The f o l l o w i n g procedures are used when the 
equ a t i o n i s a p p l i e d s i n c e the su r f a c e t e n s i o n , d e n s i t y and van't 
H o f f f a c t o r are a l l f u n c t i o n s o f s o l u t i o n c o n c e n t r a t i o n (and 
t h e r e f o r e d r o p l e t s i a e ) . Moreover the van't H o f f f a c t o r cannot be 
expressed i n an a n a l y t i c a l form. 
Approximate r e l a t i o n s based on known e x p e r i m e n t a l v a l u e s 
v/ere used and e x t r a p o l a t e d v/here necessary. 
(a) M o l a l i t y o f t h e s o l u t i o n 
The m o l a l i t y (ir\) o f a s o l u t i o n i s d e f i n e d by the e q u a t i o n 
M n ( 2 .14 ) 
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where n i s t h e number of moles of s o l u t e and n t h e number of moles s • 
of s o l v e n t . M i s th e molecular weight of pure water. 
For a d r o p l e t c o n t a i n i n g d i s s o l v e d s a l t the d r y mass of which 
i s y\ , o 
s" W 
where W i s t h e m o l e cular v.-eight of the s a l t and, 
M 
where m' i s the mass of the s o l u t i o n d r o p l e t . 
T h e r e f o r e 
= 1000 /Ml m, 




Using e q u a t i o n 2.11 and the r e l a t i o n 
m'=-|7To'ir')3 
we o b t a i n the r e s u l t 
™ /lOOtil 1 
The percentage c o n c e n t r a t i o n o f the s o l u t i o n can be expressed as 
p= 100 
( 2 . 1 7 ) 
(2 .18) 
( ? . 1 9 ) 
(2 .20) 
( b ) The d e n s i t y o f s a l t s o l u t i o n as a f u n c t i o n o f t h e 
percentage c o n c e n t r a t i o n 
The d e n s i t y o f v a r i o u s s a l t s o l u t i o n s i s t a b u l a t e d as a 
f u n c t i o n of the percentage c o n c e n t r a t i o n (Handbook of Chemistry 
and P h y s i c s , 43rd. ed., p u b l i s h e d by Chemical Rubber Co., 1 9 o l ) . 
The r e l a t i o n s h i p i s ap p r o x i m a t e l y l i n e a r w i t h i n c r e a s i n g concen-
t r a t i o n f o r sodium c h l o r i d e and ammonium sulphate u n t i l t h e 
s a t u r a t e d s o l u t i o n l e v e l i s reached. Values i n the s u p e r s a t u r a t e d 
r e g i o n are not known but the d e n s i t y of the dry p a r t i c l e (p = 100^) 
does not l i e on t h e e x t r a p o l a t e d s t r a i g h t l i n e but r a t h e r above 
i t . I n order t o e x t r a p o l a t e t h e curve i n t o the s u p e r s a t u r a t e d 
r e g i o n a q u a d r a t i c f u n c t i o n has been f i t t e d t o the data as shown 
i n F i g u r e s 2.1 and 2 . 2 . The f u n c t i o n s used are g i v e n by Equations 
2.21 and 2 .22 f o r sodium c h l o r i d e and ammonium s u l p h a t e r e s -
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p'= 5,45xl6 5p 2+6,20x10~ 3p +0.999 (2 .21) 
p'= /4,08x10 5p 2+3,61x10" 3p +0,999 (2 .22 ) 
Given a q u a d r a t i c f i t o f the form 
p'=Ap 2+Bp+C 
E q u a t i o n 2.20 assumes t h e form 
LlLt iOO a 
I t / Ap 3 +Bp 2 +Cp 
o r 
A p 3 + B p 2 + C p - 1 0 0 o 0 ( - £ j 3 = o ' (2 .23) 
so tbe s o l u t i o n c o n c e n t r a t i o n can be ev a l u a t e d i f t h e d r o p l e t 
r a d i u s , r ' , i s known. The r e l a t i o n s h i p between t h e s o l u t i o n 
'r'V* c o n c e n t r a t i o n , p, and ) — w h e r e r i s t h e r a d i u s of t h e d r y ' ( r ) ' o o 
p a r t i c l e , i s shown i n f i g u r e 2 .3 f o r sodium c h l o r i d e , f o r v.hich 
j ^ , xs equcii uO <;.j.-J3g cm * 
SJllL The s u r f a c e t e n s i o n a.? a f u n c t i o n o f m o l a l i t y 
L i n e a r equations o f the form given below f o r sodium c h l o r -
i d e ( E q u a t i o n 2 .24) and ammonium su l p h a t e (Equation 2 .25) were 
found t o f i t t h e curves of t h e v a r i a t i o n o f s u r f a c e t e n s i o n w i t h 
m o l a l i t y g i v e n by Low ( 1969a) . 
a'= 1.623^+72,78 \ * * ^ ) 
a'=2,165n|+72,78 ( 2 - 2 5 ) 
( d ) The van't H o f f f a c t o r , i 
Low ( lS J S9a) ^ a s t a b u l a t e . i the van't H o f f f a c t o r , i , as a 
f u n c t i o n o f m o l a l i t y i n t h e range 0.0001 t o 6 f o r sodium c h l o r i d e 
and 0.0001 t o 5«5 f o r ammonium s u l p h a t e . At lower m o l a l i t i e s i 
tends towards t h e va l u e 2.0 f o r sodium c h l o r i d e and 3.0 f o r ammon-
ium s u l p h a t e . 
The h i g h e s t m o l a l i t y t a b u l a t e d , i n b o t h cases corresponds t o 
the s a t u r a t e d s o l u t i o n . I n order t o attempt t o d e s c r i b e the p r o p -
e r t i e s o f th e s u p e r s a t u r a t e d s o l u t i o n i t i s necessary t o assume 
t h a t t h e e x p e r i m e n t a l data can be e x t r a p o l a t e d . Cubic equations 
o f t h e form g i v e n below were found t o be a good a p p r o x i m a t i o n t o 
the data a t the h i g h e r c o n c e n t r a t i o n s . I t i s assumed t h a t t h e y 
c o n t i n u e t o d e s c r i b e the behaviour of the s o l u t i o n s up t o m o l a l i t i e s 
o f t h e order of 20. 
For sodium c h l o r i d e the cubic e q u a t i o n , f i t t e d t o Low's 
data a t m o l a l i t i e s o f 1, 2 , 4 and 6, i s 
i=1,8173(i + 6,13 36 8 x 10"2TT|+2,61582 x 10"2TT|2 - 9,33083 x 10^IT|3 
The e q u a t i o n f o r ammonium s u l p h a t e , u s i n g m o l a l i t i e s of 
3, 4, 5 and 5>5 i s 
j =1,74017+ 5,77993 x10~2TyVI90£0x10~2TT|2 - 5,25333 x l o S r j 3 (2.27) 
A good f i t v/as o b t a i n e d u s i n g these equations as can be 
seen i n Figures 2 .4 and 2 . 5 , where t h e van't H o f f f a c t o r , i , i s 
p l o t t e d as a f u n c t i o n o f m o l a l i t y , T T J ,. f o r sodium c h l o r i d e and 
ammonium su l p h a t e r e s p e c t i v e l y . The use of the e x t r a p o l a t e d v a l u e s 
o b t a i n e d from Equations 2.26 and 2.27 i s f u l l y j u s t i f i e d since 
t h e p a r t i c l e growth curve i n d i c a t e s a smooth v a r i a t i o n as low as 
40$ r e l a t i v e h u m i d i t y as seen i n Figu r e s 2.6 t o 2.9* The f o l l o w i n g 
procedure f o r s o l v i n g the growth e q u a t i o n f o r a s a l t s o l u t i o n at. 
a p a r t i c u l a r r a d i u s , r ' , f o r s e l e c t e d v a l u e s o f d e n s i t y , o o , and 
i n i t i a l d ry p a r t i c l e r a d i u s , r Q , usin^. the; d e s c r i b e d i n t e r p o l a t i o n 
e q u a t i o n s , was adopted: 
( i ) The percentage c o n c e n t r a t i o n , p, of the s o l u t i o n was 
e v a l u a t e d u s i n g t h e cubic e q u a t i o n 2 . 23 . 
( i i ) The d e n s i t y of the s a l t s o l u t i o n was c a l c u l a t e d from 
expressions 2.21 and 2 . 2 2 . 
( i i i ) The m o l a l i t y o f the s o l u t i o n was c a l c u l a t e d u s i n g 
E q u a t i o n 2 . 1 9 . 
( i v ) The su r f a c e tension,o"', o f the s o l u t i o n was o b t a i n e d 
from Equations 2 .24 and 2 . 2 5 . 
( v ) The values o f t h e van't H o f f f a c t o r , i , were taken from 
Lo.v (1969a) up t o a m o l a l i t y o f 6 .0 f o r sodium c h l o r i d e and 5«5 
f o r ammonium s u l p h a t e . For h i g h e r m o l a l i t y values i was o b t a i n e d 
by t h e use o f Equations 2.26 and 2.27 as d e s c r i b e d e a r l i e r i n 
t h i s s e c t i o n . 
( v i ) The above parameters were then s u b s t i t u t e d i n t o Equation 
2.13 which g i v e s t h e h u m i d i t y at which a p a r t i c l e o f r a d i u s r ' i s 
i n e q u i l i b r i u m w i t h the s u r r o u n d i n g atmosphere. An IBM 370/168 
computer was used i n the n u m e r i c a l s i d e o f t h e e q u a t i o n . 
No attempt has been made t o p r e d i c t the r e c r y s t a l l i s a t i o n 
of t h e d r o p l e t s w i t h d e c r e a s i n g h u m i d i t y . The t r a n s i t i o n from s o l i d 
t o s o l u t i o n d r o p l e t s has been considered by Orr e t a l . (1950) hut 
- 14 -
(2 .26) 
van't Hoff factor i 
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no s a t i s f a c t o r y t h e o r y o f the r e c r y s t a l l i s a t i o n p o i n t has y e t 
been evolved. 
The growth curves f o r sodium c h l o r i d e and ammonium sul p h a t e 
o b t a i n e d by t h e above procedure are shown i n Fi g u r e s 2.6 t o 2 . 9« 
The growth o f d r y aodium c h l o r i d e p a r t i c l e s w i t h h u m i d i t y over t h e 
-6 - 5 -S i n i t i a l r a d i u s ranges o f 1.5 x 10 cm t o 1.5 x 10 cm and 1.5 x 10 "'cm 
t o 1.5 x io~^cm can be seen i n F i g u r e s 2 .6 and 2.7 r e s p e c t i v e l y . 
S i m i l a r curves over the same two i n i t i a l r a d i u s ranges are drawn 
f o r ammonium s u l p h a t e n u c l e i as shown i n Figures 2 .8 and 2 . 9 . 
Good agreement was found t o e x i s t between t h e growth curves 
d e r i v e d f o r the sodium c h l o r i d e p a r t i c l e s w i t h those c a l c u l a t e d 
by Mason ( 1971 ) . The e x t e n t of the agreement i n e v i d e n t i n the 
comparison o f the t a b u l a t e d values o f p a r t r o l e r a d i u s versus humid-
i t y o b t a ined from t h e a n a l y s i s o u t l i n e d i n Sections 2.2 and 2 .3 
w i t h those o b t a i n e d by Mason (Table 2 . 2 ) . The s o l u t e mass was 
-15 
chosen as 10 grn which corresponds t o a d r y p a r t i c l e r a d i u s o f 
4.8 x 10 ^cm. I t can be seen t h a t the- agreement i s w i t h i n O.^f, 
over t h e range of h u m i d i t y shown. 
Good agreement i s a l s o found between-the growth curves 
computed here f o r ammonium sul p h a t e and these p l o t t e d i n F i g u r e 1 
o f Garland ( 1969 ) . 
P a r t i c l e 
r a d i u s (^ >m) 
R e l a t i v e h u m i d i t y (){) D i f f e r e n c e 
en Equation 2.13 : 'upon 
0.084 72.9 72 . 6 0.31 
0.096 83.7 83.6 0.18 
0.103 89.5 39.4 0.1.2 
0.120 92.9 92 . 8 0.07 
0.144 96.2 96.2 0.03 
Table 2.2 Comparison of the growth curves 
computed u s i n g Equation 2.13 w i t h those due 
-15 
t o Mason. A s o l u t e mass of 10 gm has been 
used. 
2.4 The, e f f e c t o f p a r t i c l e groyith on y j s i b i l i t y 
I t i s c l e a r t h a t t h e presence o f suspended m a t t e r w i l l 
a f f e c t the transrnisr-ion o f l i g h t t h r o u g h a medium. I n the case 
of an a e r o s o l the n a t u r e o f the e f f e c t depends on the p a r t i c l e 
s i z e i n r e l a t i o n t o the wavelength o f l i g h t . A convenient 
- 15 -
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? Q F i g u r S elected " t h e o r e t i c a l growth curves o f ammonium surnh.-vhp 
parameter t h a t can be used i n c o n s i d e r a t i o n o f t h i s r e l a t i o n s h i p 
i s d e f i n e d by the f o l l o w i n g r e l a t i o n 
= (2.28) 
oc i s known as the s i z e parameter, r i s the p a r t i c l e r a d i u s and 
\ i s t h e wavelength o f l i g h t . 
When oc 1 l i < ; h t s c a t t e r i n g through an a e r o s o l can he 
d e s c r i b e d by t h e R a y l e i g h law, which i s of t h e form: 
= A>A(1*cos24>) (2.29) 
t h a t i s t o say, t h a t t h e l i g h t s c a t t e r e d i n any d i r e c t i o n , 0 , 
i s p r o p o r t i o n a l t o the i n v e r s e f o u r t h power o f the wavelength. 
A i s a con s t a n t i n the above e q u a t i o n and B* i s known as the 
volume s c a t t e r i n g f u n c t i o n ( m i d d l e t o n , • 1952). 
When oc ^ 1 t h a t i s , when the p a r t i c l e r a d i u s i s about t h e 
same s i z e as t h e wavelength o f l i g h t , i t i s necessary t o con s i d e r 
t h e v a r i a t i o n o f the e l e c t r o m a g n e t i c f i e l d s i n s i d e and o u t s i d e a 
s m a l l sphere and solve the d i f f e r e n t i a l equations t h a t t h i s 
t r e a t m e n t y i e l d s . This has btien done by Mie (19^8) and- subsequent-
l y by s e v e r a l o t h e r workers, f o r example S t r a t t o n and Houghton 
(1931) and S i n c l a i r (-1947). 
I n view o f the c o m p l e x i t y o f the a n a l y t i c a l t r e a t m e n t , 
a p p r o x i m a t i o n s t o Mie's r e s u l t s w i l l be used i n t h e f o l l o w i n g 
t r e a t m e n t of l i g h t e x t i n c t i o n . 
F o l l o w i n g the procedure o u t l i n e d by M i d d l e t o n (1952), t h e 
e x t i n c t i o n c o e f f i c i e n t , a , can be expressed as 
o=Nnr 2K . (2.30) 
f o r a monodisperse a e r o s o l o f p a r t i c l e r a d i u s r and N p a r t i c l e s 
per u n i t volume. K i s known as t h e s c a t t e r i n g area r a t i o since 
i t i s the r a t i o o f the area o f the wavefront acted upon by t h e 
p a r t i c l e t o t h e area of t h e p a r t i c l e i t s e l f . I f the a e r o s o l i s 
p o l y d i s p e r s e t h e e x t i n c t i o n c o e f f i c i e n t s o f a l l t h e monodisperse 
components can be added t o g e t h e r w i t h the r e s u l t t h a t t h e e x t i n c -
t i o n c o e f f i c i e n t i s giv e n by the r e l a t i o n 
o=£: Njrrr2^ (2.31) 
v/here n i s the number o f d i f f e r e n t p a r t i c l e s i z e s and If. i s t h e 
l 
p a r t i c l e number c o n c e n t r a t i o n of p a r t i c l e s o f r a d i u s r 
- 16 -
I f the e x t i n c t i o n c o e f f i c i e n t can be found, a value of t h e 
v i s i b i l i t y can be o b t a i n e d u s i n g the v i s u a l range, V, which i s 
d e f i n e d by l . i i d d l e t o n (1952) as 
V=^£!? (2.32^ 
a 
S o l u t i o n o f Equation 2.31 i s s t r a i g h t f o r w a r d i f K i s known. 
Tabulated, v a l u e s o f K as a f u n c t i o n o f or and the r e f r a c t i v e index 
may be used but these ar-e o n l y a v a i l a b l e f o r r e f r a c t i v e i n d i c e s 
w i t h the values 1.33j 1.44> 1*55 and 2.00. Approximate equations 
f o r K have been d e r i v e d by Penndorf (19:'>2) and Diermendjian (196O) 
and are used i n the f o l l o w i n g c a l c u l a t i o n s . 
I f the r e f r a c t i v e index,jj. , o f t h e m a t e r i a l under c o n s i d e r -
a t i o n i s expressed i n the complex form 
yu=n +ik (2.33) 
then t h e a p p r o x i m a t i o n o f Diennendjian can be w r i t t e n as 
2 
K.=(1+D){2- ^^exp(-otang)sin(o-g) + i (^ 9 ) icos2g-exp(-otang)cos(o-2g)^ { ? t ^ 
where 
p = ^ i ( n r 1 ) , g = a r c t a n ( i ^ L _ ) 
D_(nj-l)[f(q) + 1] A Q L _ ^ n < - A 0 8 
u 2nj(1 + 3tang) f o r l + 3 t a n g ^ T T ^ J 
n . 2J4(ni-1)[f(q)*1l 4,08 
and f(g)= 1+Atan g + 3tan g 





B- A. n . k . + 20ni!<i + 24 [7 |n^k{^(An 2 -k f -5 ) l 
C= I l l n p + k j ^ l n p V - Z I ^ - S S n j V J / Z i 2 
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Z 1 = {nj 2 *kj 2 ) 2 +A(nj 2 -kj 2 )*4 
2.5 Use of t h e V i s i b i l i t y equations 
The. c a l c u l a t i o n s on t h e v a r i a t i o n o f v i s i b i l i t y v / i t h r e l a t i v e 
h u m i d i t y were performed u s i n g a wavelength of 0.55 micrometres f o r 
l i g h t . T h is corresponds t o an average wavelength i n the range over 
which the human eye i s s e n s i t i v e . I t was assumed t h a t t h e i m a g i n -
ary p a r t o f t h e r e f r a c t i v e index was zero which means t h a t ab-
s o r p t i o n o f l i g h t by the p a r t i c l e s i s not accounted f o r . This 
assumption i s j u s t i f i e d by the n e g l i g i b l e or zero v a l u e s o f the 
im a g i n a r y p a r t of the r e f r a c t i v e index g i v e n by Hanel (1972) f o r 
b u l k atmospheric a e r o s o l . L i n e a r approximations t o the r e a l p a r t 
o f t h e r e f r a c t i v e i n d i c e s ' f o r r.odiuni c h l o r i d e and ammonium s u l -
phate r e s p e c t i v e l y are g i v e n below as f u n c t i o n s of the percentage 
• c o n c e n t r a t i o n s of the s o l u t i o n s 
The a p p r o x i m a t i o n r e l a t i o n s are p l o t t e d i n F i g u r e s 2.10 and 
2.11 and show good agreement v / i t h the t a b u l a t e d v a l u e s g i v e n i n 
the Handbook o f Chemistry and p h y s i o s , 50th. ed., p u b l i s h e d by the 
Chemical Rubber Co., 1969* The values o f the e x t i n c t i o n c o e f f i c i -
ent were c a l c u l a t e d as a f u n c t i o n o f r e l a t i v e h u m i d i t y and p a r t i c l e 
mass by means o f a computer program. The p a r t i c l e number concen-
t r a t i o n was chosen t o correspond t o one microgram o f s a l t per 
cu b i c metre which means t h a t the curves f o r ammonium sul p h a t e can 
be compared w i t h those of Garland (1969). 
The e x t i n c t i o n c o e f f i c i e n t , 0" , of an atmosphere c o n t a i n i n g 
one microgram o f ammonium sulphate per cu b i c metre i s p l o t t e d i n 
F i g u r e 2.12 f o r the f o l l o w i n g s i z e d i s t r i b u t i o n s : 
a) A monodisperse a e r o s o l at the mass median r a d i u s o f 0.21 
micrometres o f an i d e a l i s e d Junge type d i s t r i b u t i o n shown 
i n F i g u r e 2.13 
b) A monodisperse a e r o s o l at t h e mass median r a d i u s o f 0.3 
micrometres o f a d i s t r i b u t i o n measured by Heard and W i f f e n 
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F i g u r e 2.12 The e x t i n c t i o n c o e f f i c i e n t of an atmosphere 
c o n t a i n i n g 1 yug/in"^ of anmonium s u l p h a t e w i t h the f o l l o w i n g -
s i z e d i s t r i b u t i o n s : 
a monodisperse a e r o s o l at the mass median.radius,0 . 2 1 jm, 
of t h e Junge d i s t r i b u t i o n , 
b monodisperso a e r o s o l at t h e mass median r a d i u s j C h 3 juw, 
of Heard and V.'iffen'» d i s t r i b u t i o n , 
c d i s t r i b u t i o n , measured by Heard and V f i f f e n . 
d d i s t r i b u t i o n of the Junge type i l l u s t r a t e d i n F i g u r e 2 . 1 3 . 
1 
cIN 
d log r 
dN 
oc r d log r 
\ 
10 1,0 0,01 0.05 0.1 
Particle RadiusUim) 
F i g u r e 2.13 S i m p l i f i e d Size D i s t r i b u t i o n , a f t e r Junge 
c) An atmospheric ammonium su l p h a t e p a r t i c l e s i z e d i s t r i -
b u t i o n measured by Heard and W i f f e n ( I969) u s i n g e l e c t r o n 
microscope t e c h n i q u e s . This d i s t r i b u t i o n i s shown i n Table 
2 .3 
d) A Junge type p a r t i c l e s i z e d i s t r i b u t i o n as shown i n 
Figu r e 2 . 1 3 . 
I t can be seen t h a t good agreement was o b t a i n e d between the 
r e s u l t s u s i n g a p p r o x i m a t i o n s t o Mie's t h e o r y and the r e s u l t s o f 
Garland (1969) v'h° used an i n t e r p o l a t i o n f o r m u l a t o c a l c u l a t e t h e 
s c a t t e r i n g area r a t i o , K, f o r each p a r t i c l e s i z e . Some of Garland's 
c a l c u l a t e d p o i n t s are shown i n Figure 2.12 t o i l l u s t r a t e the 
agreement between the tv/o s e t s o f r e s u l t s . 
F i g u r e 2 .14 shows the v a r i a t i o n o f the e x t i n c t i o n c o e f f i c i e n t 
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w i t h h u m i d i t y and d r y p a r t i c l e mass over a range from 3 x 10 gm 
t o 3 x 10~''"^ 'gm f o r ammonium sulphate i n an atmosphere c o n t a i n i n g 
one microgram o f s a l t per cubic metre. I t can. be seen t h a t maximum 
Radius (jum) Dry p a r t i c l e 
mass (gm) 
Percentage of 
the t o t a l number 
c o n c e n t r a t i o n 
0.060 - 0.105 ' 4.30 x 1 0 ~ 1 5 22.9 
0.105 - 0.145 1.45 x 1 0 " 1 4 25.7 
0 .145 - 0.135 • 3.43 x 1 0 " 1 4 13.5 
0 .185 - 0.230 6.70 x 1 0 " 1 4 14 . 8 
0.230 - 0.270 1.16 r 1 0 ~ 1 3 7 = 67 
0.270 - 0.310 1.04 x 1 0 ~ 1 3 6.40 
0.310 - 0.350 2.74 x 1 0 ~ 1 3 5.14 
0.350 - 0.395 3.90 x 1 0 ~ 1 3 2.56 
0.395 - 0.435 5.36 x 1 0 ~ 1 3 1.28 
Table 2 .3 The s i z e d i s t r i b u t i o n o f ammonium 
s u l p h a t e p a r t i c l e s i n the atmosphere on 23 .8 .67 
r e p o r t e d by Heard and W i f f e n . 
e x t i n c t i o n occurs f o r the h i g h e s t v a l u e o f 997' r e l a t i v e h u m i d i t y 
f o r a d r y p a r t i c l e mass o f 10 ^4gm co r r e s p o n d i n g t o a r a d i u s o f 
- 5 
1.2 x 10 cm. I t i s a l s o c l e a r t h a t v i s i b i l i t y i s reduced by 
ap p r o x i m a t e l y an order o f magnitude over the whole range o f 
p a r t i c l e mass as the h u m i d i t y i s increased' from 8O5C t o 99f*r-« 
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F i g u r e 2 .15 The e x t i n c t i o n c o e f f i c i e n t o f an atmosphere 
c o n t a i n i n g 1 jdg/w? o f sodium c h l o r i d e w i t h t h e f o l l o w i n g 
s i z e d i s t r i b u t i o n s : 
a monodisperse a e r o s o l at the mass median radius,0.21^Lim, 
o f t h e Junge d i s t r i b u t i o n , 
b monodisperse a e r o s o l 'with p a r t i c l e r a d i u s 0.3/-im. 
c sea s p r a y . d i s t r i b u t i o n shown i n Fi g u r e 2.17. 
d d i s t r i b u t i o n o f t h e Junge type i l l u s t r a t e d i n Figure.2.13. 

F i g u r e s 2.15 and 2 . 16 . The d i s t r i b u t i o n s used are i d e n t i c a l t o 
those d e s c r i b e d above w i t h the e x c e p t i o n o f the Heard and W i f f e n 
v a l u e s ( d i s t r i b u t i o n ( c ) ) which are r e p l a c e d by a sea spray 
d i s t r i b u t i o n s i m i l a r t o t h a t used by Hanel (1972) . The sea spray 
p a r t i c l e s i z e d i s t r i b u t i o n i s shown i n F i g u r e 2 .17* I t i s c l e a r 
by comparing the p l o t s o f e x t i n c t i o n c o e f f i c i e n t w i t h r e l a t i v e 
h u m i d i t y f o r t h e two s a l t s , F i g u r e s 2.12 and 2 . 15 , t h a t the 
e x t i n c t i o n c o e f f i c i e n t i s g e n e r a l l y g r e a t e r i n the case o f sodium 
c h l o r i d e p a r t i c l e s f o r the t h r e e chosen d i s t r i b u t i o n s ( a ) , (b) 
and ( d ) . 
I t can be seen from F i g u r e 2 .16 , t h e e x t i n c t i o n c o e f f i c i e n t 
p l o t t e d a g a i n s t d r y p a r t i c l e mass f o r sodium c h l o r i d e , t h a t f o r 
99^ r e l a t i v e h u m i d i t y , maximum e x t i n c t i o n occurs at a d r y p a r t i c l e 
- 6 
r a d i u s of 8.2 x 10 "cm. The shapes of the curves are s i m i l a r t o 
those f o r ammonium s u l p h a t e a l t h o u g h i m p o r t a n t d i f f e r e n c e s between 
the t'.vo ao'uD v»r r e s u l t s * v / i l i u6 discussed i n tne next s e c t i o n . 
A comparison was made between the e x t i n c t i o n c o e f f i c i e n t a t 
s e l e c t e d valv.?.s o f h u m i d i t y . H , 0"(H), w i t h the e x t i n c t i o n c o e f f i -
c i e n t a t a va l u e o f h u m i d i t y k,o"(k), where k was chosen t o be a 
h u m i d i t y value a t which i t c o u l d be assumed t h a t the p a r t i c l e was 
d r y . The values used f o r k were taken as 40.4 and 53.7 per cent 
f o r ammonium s u l p h a t e and sodium c h l o r i d e r e s p e c t i v e l y which 
correspond t o the lowest v a l u e s of h u m i d i t i e s c a l c u l a t e d u s i n g • 
the p a r t i c l e growth e q u a t i o n . A graph of the r a t i o cr(H)/a(k) i s • 
i s p l o t t e d a g a i n s t the r e l a t i v e h u m i d i t y , H, i n F i g u r e s 2.18 and 
2 . 1 9 . The curves f o r b o t h ammonium sul p h a t e and sodium c h l o r i d e 
are computed f o r a Junge d i s t r i b u t i o n , shown i n F i g u r e 2.13» and 
f o r a monodisperse a e r o s o l o f p a r t i c l e r a d i u s 0,21 micrometres, 
c o r r e s p o n d i n g t o the mass median r a d i u s o f the Junge d i s t r i b u t i o n . 
I t can be seen from the curves f o r the monodisperse a e r o s o l s 
o f p a r t i c l e r a d i u s 0.21 micrometres t h a t the r a t i o 0"(H)/a(k) 
a t t a i n s a v a l u e o f 2.0 at a r e l a t i v e h u m i d i t y o f 86$ and 6.0 at 
97$ f o r ammonium s u l p h a t e . I n the case of the rnonodisperse a e r o s o l 
o f sodium c h l o r i d e p a r t i c l e s of r a d i u s 0.21 micrometres, the r a t i o 
o(H)/cr(k) i s equal t o 2 . 4 and 4.7 a t '80$ and 97$ r e l a t i v e h u m i d i t y 
r e s p e c t i v e l y . 
The curves o f o"(ll)/o"(k) versus r e l a t i v e h u m i d i t y , H, f o r the 
Junge d i s t r i b u t i o n s i n d i c a t e t h a t t h i s form o f d i s t r i b u t i o n i s 
more e f f e c t i v e a t r e d u c i n g v i s i b i l i t y than the rnonodisperse aero-
s o l . The r a t i o o f cr(H)/o-(k) a t t a i n s a v a l u e o f 2.0 a t 77$ and 
- 20 -
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80 
.'jure 2.19 ff(H)/o'(lO «.« a f u n c t i o n of r e l a t i v e h u m i d i t y 
6.0 at 92/£ r e l a t i v e h u m i d i t y f o r the sodium c h l o r i d e a e r o s o l and 
the same v a l u e s a t 8l£ and 95^ r e s p e c t i v e l y f o r the ammonium 
s u l p h a t e p a r t i c l e s . 
2.6 D i s c u s s i o n of the R e s u l t s 
An e q u a t i o n has been d e r i v e d r e l a t i o n g the s i z e of a s o l u t i o n 
d r o p l e t , which i s i n e q u i l i b r i u m w i t h t h e atmosphere, to the 
r e l a t i v e h u m i d i t y . The e q u a t i o n i s based on t h a t d e r i v e d by Mason 
(I9TI) but n o v e l a p p r o x i m a t i o n s a r e i n c o r p o r a t e d i n i t s a p p l i -
c a t i o n t o the growth of s o l u t i o n d r o p l e t s . V a l u e s of the v a n ' t 
H o f f f a c t o r t a b u l a t e d by Low (I969) have been used. These v a l u e s 
a r e g i v e n f o r a range of m o l a l i t i e s - up t o and 6.0 f o r ammonium 
s u l p h a t e and jodium c h l o r i d e r e s p e c t i v e l y . C u b i c a p p r o x i m a t i o n s 
t o these v a l u e s v/ere used t o p r e d i c t t h e v a n ' t Hoff f a c t o r f o r 
h i g h e r v a l u e s . Q u a d r a t i c e q u a t i o n s were d e r i v e d t o r e l a t e the 
d e n s i t y of the s a l t s o l u t i o n t o s o l u t i o n c o n c e n t r a t i o n and l i n e a r 
a p p r o x i m a t i o n s were used to d e s c r i b e the v a r i a t i o n of s u r f a c e 
t e n s i o n w i t h s o l u t i o n c o n c e n t r a t i o n . The-je a p p r o x i m a t i o n s gave 
good agreement w i t h the t a b u l a t e d v a l u e s and were assumed t o be 
v a l i d i n the r e g i o n s o f s u p e r s a t u r a t i c t i f o r which no measurements 
have been p u b l i s h e d . 
Good agreement was found between the growth c u r v e d e r i v e d 
f o r sodium c h l o r i d e p a r t i c l e s over the d r y p a r t i c l e mass range 
-T7 -11 - x from 3 x 10 ' t o 3 x 10 gm and v a l u e s quoted hy Liason (1971). 
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A comparison between the v a l u e s f o r a s o l u t e mass o f 10 gm 
d e r i v e d from the two forms of the growth c u r v e i s shown i n T a b l e 
2.2 which i n d i c a t e s agreement b e t t e r than 0.5^ -. Good agreement 
was a l s o found between the completed growth c u r v e s of ammonium 
s u l p h a t e and t h o s e d e r i v e d by G a r l a n d (1969). 
An e x p r e s s i o n has been d e r i v e d f o r the e x t i n c t i o n c o e f f i c i e n t , 
O", f o r both a homogeneous and a non-homogeneous s o u r c e of a e r o s o l 
p a r t i c l e s . T h i s has i n v o l v e d the use of a p p r o x i m a t i o n s f o r t h e 
s c a t t e r i n g a r e a r a t i o , K, b a s e d on the e q u a t i o n s of B i e r m e n d j i a n 
(I96O) and Pennclorf (1962). K i s a f u n c t i o n of the p a r t i c l e r a d i u s , 
t h e w avelength of the i n c i d e n t l i g h t and t h e r e f r a c t i v e index o f 
the p a r t i c l e . The v a r i a t i o n of r e f r a c t i v e index w i t h h u m i d i t y was 
t a k e n i n t o account by means of a l i n e a r a p p r o x i m a t i o n e q u a t i o n 
r e l a t i n g the r e f r a c t i v e i n d e x t o the p e r c e n t a g e c o n c e n t r a t i o n 
of the s a l t s o l u t i o n i n the d r o p l e t . The two l i n e a r a p p r o x i m a t i o n s 
- 21 -
f o r ammonium s u l p h a t e and sodium c h l o r i d e : g i v e good agreement 
w i t h t a b u l a t e d v a l u e s . 
The e f f e c t of r e l a t i v e h u m i d i t y on the e x t i n c t i o n c o e f f -
i c i e n t f o r a monodisperse a e r o s o l of sodium c h l o r i d e and ammonium 
-17 -11 
s u l p h a t e over a range of p a r t i c l e mass of 3 x 10 t o 3 x 10 gm 
i s shown i n F i g u r e s 2.16 and 2.14 r e s p e c t i v e l y . The p a r t i c l e 
number c o n c e n t r a t i o n was chosen t o c o r r e s p o n d to one microgram of 
s a l t p e r c u b i c metre. I t can be seen t h a t the shapes of the 
c u r v e s a r e q u i t e s i m i l a r f o r both s e t s of r e s u l t s . The smooth 
-15 
v a r i a t i o n of the c u r v e s below a masr. of about 10 gm i r . u i c a t e s 
the r e g i o n over which E a y l e i g h ' s s c a t t e r i n g law, f o r p a r t i c l e s i z e 
much l e s s t h a n the wav e l e n g t h , can be r e g a r d e d as a good approx-
i m a t i o n t o tap. more p r e c i s e Hie t h e o r y . The u n d u l a t i o n s i n the 
c u r v e s can be a t t r i b u t e d t o the o s c i l l a t o r y v a r i a t i o n o f the 
s c a t t e r i n g a r e a r a t i o w i t h the p a r t i c l e r.adius. The o s c i l l a t i o n s 
a r e most pronounced f o r v a l u e s of p a r t i c l e r a d i u s l e s s than about. 
10 m i c r o m e t r e s . 
•Values of the maximum e x t i n c t i o n c o e f f i c i e n t o b t a i n e d f o r 
sodium c h l o r i d e and ammonium s u l p h a t e a t r e l a t i v e h u m i d i t i e s o f 
80$, 95£ and 9<$ a r e shown i n T a b l e 2.4. The sodium c h l o r i d e 
a e r o s o l y i e l d s a v a l u e of e x t i n c t i o n c o e f f i c i e n t g r e a t e r than 
ammonium s u l p h a t e by a f a c t o r of about two f o r the t h r e e h u m i d i t y 
v a l u e s . Maximum c o n t r i b u t i o n t o the e x t i n c t i o n c o e f f i c i e n t 
R e l a t i v e 
Humidity 
(*•') 
Sodium C h l o r i d e Ammonium S u l p h a t e 
Dry p a r t i c l e 
r a d i u s (em) 
a ( k i n - 1 ) Dry p a r t i c l e 
r a d i u s (cm) 
a ( k m - 1 ) 
80 1.90 x 10~ 5 0.024 2.40 x 10~ 5 0.013 
95 1.30 x 10~ 5 r\ >^ >n r 
•J . v ( 2 2.04 x 10"
5 0.034 
99 7.90 v- 10~° 0.2Q5 1.20 x 10" 5 0.150 
T a b l e 2.4 Maximum v a l u e s of t h e e x t i n c t i o n c o e f f i c i e n t , <sf f o r 
monodisperse a e r o s o l s w i t h number c o n c e n t r a t i o n c o r r e s p o n d i n g 
t o 1 microgram p e r c u b i c metre. 
-5 -5 
i s made by a d r y p a r t i c l e r a d i u s of I.90 x 10 ^and 2.4 x 10 cm 
f o r sodium c h l o r i d e and ammonium s u l p h a t e r e s p e c t i v e l y when t h e 
r e l a t i v e h u m i d i t y i s 80$. These v a l u e s a r e s h i f t e d t o t h e lower 
values, of. 7.9 x l O ^ c m and 1.2 x 10-5 c r a r e s p e c t i v e l y as the 
h u m i d i t y . i s i n c r e a s e d to 99$. 
Dry 
P a r t i c l e 
R a d i u s 
(um) 
S o l u t e 
Mass pei 1 
D r o p l e t 
(gm) 
P a r t i c l e 
number 
concen-
t r a t i o n 
( c m " 3) 
E x t i n c t i o n . . C o e f f i c i e n t 
(km" 1) 















0.0233 10-1-' 10,000 1.4 x 
l O - 4 
7.0 X 
l O " 4 
4.0 x 










0.0513 l O " ^ 1,000 1.4 x 
10""3 
6.2 x 

































































































e 0.103 1 0 - 1 4 100 1.6 X. 




































1.03 1 0 - 1 1 0.1 3.0 x 
10- 3 
6.3 x 
1 0 - 3 
1.6 x 
10- 2 
T a b l e 2.5(a) S e l e c t e d v a l u e s of the e x t i n c t i o n c o e f f i c i e n t 
as a f u n c t i o n o f p a r t i c l f i s i z e and r e l a t i v e h u m i d i t y . 
Humidity 
(? : ) 
P a r t i c l e Mass(g-m) 
1 0 - 1 6 1 0 - ^ 1 0 - 1 4 1 0 - 1 3 1 0 - 1 2 1 0 - 1 1 
80 3.14 2.85 2.29 1.77 1.54 1.88 
95 4.29 3.55 2.46 1. 30 1.88 I.58 
99 5.50 2.59 1.67 1.38 1.06 1.45 
( b ) The r a t i o s o f e x t i n c t i o n c o e f f i c i e n t s f o r sodium c h l o r i d e 
t o the c o r r e s p o n d i n g v a l u e s f o r ammonium s u l p h a t e . 
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I n d i v i d u a l , v a l u e s of the e x t i n c t i o n c o e f f i c i e n t as a f u n c -
t i o n of s o l u t e mass and r e l a t i v e h u m i d i t y a r e shown i n Ta b l e 
2.5(a) f o r the two s a l t s . The r a t i o of the e x t i n c t i o n c o e f f i c i e n t 
due t o a monodisperse a e r o s o l of sodium c h l o r i d e t o the c o r r e s -
ponding v a l u e s f o r a s i m i l a r a e r o s o l of ammonium s u l p h a t e a t t h e 
-15 - L l 
s e l e c t e d v a l u e s of dry p a r t i c l e mass from 10 gin t o 10 gm 
f o r the v a l u e s of r e l a t i v e h u m i d i t y 80$, 95$ and 99$ a r e t a b u l a t e d 
i n T a b l e 2 . 5 ( b ) . I t can be seen t h a t f o r the l o v e r v a l u e s of 
s o l u t e mass of 10 p t o 10 gm the sodium c h l o r i d e p a r t i c l e s 
a r e more e f f i c i e n t i n r e d u c i n g v i s i b i l i t y by f a c t o r s r a n g i n g from 
1.7 t o 5»5» The sodium c h l o r i d e a e r o s o l p a r t i c l e s p o s s e s s l a r g e r 
v a l u e s of e x t i n c t i o n c o e f f i c i e n t by an aver-nge f a c t o r of 1.54 f o r 
—1^ —12 —11 
t h e r e m a i n i n g t h r e e s o l u t e masst-s of 10 gih, 10 ' c'^-m -ind 10 gin. 
R e s u l t s o f the e x t i n c t i o n c o e f f icient:-.due t o s e l e c t e d 
p a r t i c l e s i z e d i s t r i b u t i o n s f o r ammonium.sulphate and sodium 
c h l o r i d e a s a f u n c t i o n of r e l a t i v o humir'i-i t y i n +.>><? range 70 t c 
99A: a r e p r e s e n t e d i n F i g u r e s 2.12 and 2.15 r e s p e c t i v e l y . I t can 
be seen t h a t t h e e x t i n c t i o n c o e f f i c i e n t f o r the two monodisperse 
a e r o s o l p a r t i c l e s of ammonium s u l p h a t e of r a d i u s 0.21 and 0.3 
microm e t r e s l a b e l l e d c u r v e ( a ) , (b) r e s p e c t i v e l y i n F i g u r e 2.12 
ex c e e d s t h e v a l u e s of e x t i n c t i o n c o e f f i c i e n t due t o t h e d i s t r i -
b u t i o n measured by Heard and V/iffen (1959) arid a t y p i c a l Junge 
d i s t r i b u t i o n ( F i g u r e 2.13) r e p r e s e n t e d by c u r v e s ( c ) and (d) i n 
F i g u r e 2.12 f o r v a l u e s of h u m i d i t y l e s s than about 9'2/£. F o r v a l u e s 
of h u m i d i t y g r e a t e r than 9$.5$ c o n t r i b u t i o n t o t h e e x t i n c t i o n 
c o e f f i c i e n t i s g r e a t e r f o r the non-homogeneous .Tunge d i s t r i b u t i o n . 
The v a l u e s of the e x t i n c t i o n c o e f f i c i e n t a r e t a b u l a t e d i n T a b l e 
2.6 f o r t h e f o u r p a r t i c l e s i z e d i s t r i b u t i o n s of ammonium s u l p h a t e 
f o r v a l u e s of r e l a t i v e h u m i d i t y r a n g i n g from 70)5 t o 99$« 
The c o r r e s p o n d i n g c u r v e s f o r sodium c h l o r i d e a r e p l o t t e d 
i n ' F i g u r e 2.15 f ° r i n i t i a l p a r t i c l e s i z e d i s t r i b u t i o n s w i t h t h e 
e x c e p t i o n o f d i s t r i b u t i o n ( c ) which r e p l a c e s the measured d i s t r i -
b u t i o n of Heard and V / i f f e n . D i s t r i b u t i o n ( c ) i s chosen t o be a 
s e a s p r a y d i s t r i b u t i o n o v e r the r a d i u s range from 2 x 10 ^cm t o 
' 1 x lO'^cm as sho-vn i n F i g u r e 2.17. I t can be seen t h a t the 
Junge d i s t r i b u t i o n c a u s e s the l a r g e s t , e x t i n c t i o n f o r v a l u e s of 
h u m i d i t y g r e a t e r than 94/S. The s e a s p r a y a e r o s o l h as a p p r o x i -
m a t e l y t h e same e f f e c t on the e x t i n c t i o n v a l u e s as the Junge 
d i s t r i b u t i o n up t o about 9'^ $ r e l a t i v e h u m i d i t y . The e x t i n c t i o n 
c o e f f i c i e n t f o r a Junge d i s t r i b u t i o n e xceeds t h a t due t o the 
- 2A -
D i s t r i b u t i o n 
70 
Re l a 
80 
t i v e H U I T 
90 




( a ) 1.10 x 
i o - 2 
1.30 x 
i o - 2 
1.97 x 




i o - ? 
0 0 1.00 x 
i o " 2 
1.21 x 
i o - 2 
1.70 x 
i o - 2 
2.03 x 
i o - 2 
3.16 x 
i o - 2 
(o) 8.40 x 
i o ~ 3 
9.31 x 
i o " 3 
1.47 x 
1 0 - 2 
2.59 x 
i o - 2 
1.00 x 
I O - 1 
( d ) 4.64 x 
I O " 3 
5.62 x 
1 0 - 3 
9.72.x 
1 0 " 3 
1.94 x 
i o - 2 
1.22 x 
I O - 1 
T a b l e 2-6 The e x t i n c t i o n c o e f f i c i e n t of an ammonium 
s u l p h a t e a e r o s o l as a f u n c t i o n of r e l a t i v e h u m i d i t y 
f o r t h e f o l l o w i n g d i s t r i b u t i o n s : 
a) A monodisperse a e r o s o l of part. iclp . r-nflino 0^21 
micrometres 
b) A monodisperse a e r o s o l of p a r t i c l e r a d i u s 0.30 
mic r o m e t r e s 
c ) A Heard and V/iffen d i s t r i b u t i o n 
d) A Junge type d i s t r i b u t i o n 
D i s t r i b u t i o n 
70 
Re l a 
80 
t i v e Huu 
on 
j -' 




( a ) 1.73 _9 10 t-
2.2A x 
i o - 2 
3-55.X 
10- 2 




00- 1.30 x 









( c ) 1.03 x 









( d ) 8.66 x 









T a b l e 2.7 The e x t i n c t i o n c o e f f i c i e n t o f a sodium c h l o r i d e 
a e r o s o l a s a f u n c t i o n of r e l a t i v e h u m i d i t y f o r the f o l l o w -
i n g d i s t r i b u t i o n s ; 
-a) A monodisperse a e r o s o l of p a r t i c l e radius0.21 m i c r o m e t r e s 
b) A monodisperse a e r o a o l of p a r t i c l e r a d i u s 0.30 micrometres 
c ) A s e a s p r a y a e r o s o l 
. d ) A Junge type d i s t r i b u t i o n 
s e a s p r a y d i s t r i b u t i o n by an average v a l u e o f 35/- f o r t h e r e l a t i v e 
h u m i d i f y range between $0°/. and 99$. 
S e l e c t e d v a l u e s o f the e x t i n c t i o n c o e f f i c i e n t from F i g u r e 
2.15 f o r the f o u r s i z e d i s t r i b u t i o n s f o r a range of r e l a t i v f 
h u m i d i t y from 70$ t o 99/^  a r e shown i n T a b l e 2.7. A comparison 
of t h e e x t i n c t i o n c o e f f i c i e n t s shown i n T a b l e s 2.5 and 2.7 i n d i -
c a t e s t h a t the e x t i n c t i o n c o e f f i c i e n t due t o the sodium c h l o r i d e 
p a r t i c l e d i s t r i b u t i o n s e x c e e d s t h a t due t o t h e ammonium s u l p h a t e 
d i s t r i b u t i o n s f o r a l l the d i s t r i b u t i o n s c o n s i d e r e d . Average v a l u e s 
over the r e l a t i v e h u m i d i t y range from 70$ t o 99$ of the r a t i o of 
th e e x t i n c t i o n c o e f f i c i e n t s f o r sodium c h l o r i d e and ammonium 
s u l p h a t e f o r the t h r e e d i s t r i b u t i o n s ( a ) , ( b ) and ( d ) a r e e q u a l 
t o 1.60, 1.35 and 2.25 r e s p e c t i v e l y . 
The r a t e of i n c r e a s e of e x t i n c t i o n c o e f f i c i e n t a t p a r t i c u l a r 
v a l u e s o f h u m i d i t y i s compared t o the e x t i n c t i o n c o e f f i c i e n t a t 
a h u m i d i t y , k, c o n s i d e r e d s u f f i c i e n t l y low to asfinmo +-h»t- t h ? 
s a l t n u c l e u s i s d r y . V a l u e s of a ( n ) / a ( k ) shown i n F i g u r e s 2.18 
and 2.19 i n d i c a t e t h a t the e x t i n c t i o n c o e f f i c i e n t i n c r e a s e s more 
r a p i d l y f o r a sodium c h l o r i d e monodisperse a e r o s o l of p a r t i c l e 
r a d i u s 0.21 micrometres t h a n f o r an ammonium s u l p h a t e s o u r c e up 
to a v a l u e of 95$ r e l a t i v e h u m i d i t y . The r a t e of r i s e of o"(!l)/cr(k) 
i s g r e a t e r f o r t h e t w o - s a l t s f o r a non-hornogeneous Junge type 
d i s t r i b u t i o n than f o r the monodisperse a e r o s o l of p a r t i c l e s i z e 
e q u i v a l e n t t o the mass median r a d i u s of the Junge d i s t r i b u t i o n 
as seen i n F i g u r e 2.13. I t can be seen from F i g u r e 2.19 t h a t t h e 
e x t i n c t i o n c o e f f i c i e n t f o r a Junge d i s t r i b u t i o n f o r both sodium 
c h l o r i d e and ammonium s u l p h a t e approaches the same r a t e of i n c r e a s e 
w i t h i n c r e a s i n g v a l u e s o f h u m i d i t y . 
CHAPTER 3 
THE EXPERIMENTAL APPARATUS 
3.1 I n t r o d u c t i o n 
The e x p e r i m e n t a l a p p a r a t u s d e s c r i b e d i n t h i s c h a p t e r was 
d e s i g n e d to i n v e s t i g a t e t h e e f f e c t of r e a t i v e h u m i d i t y on the 
mean s i z e of a e r o s o l p a r t i c l e s of scdium c h l o r i d e and ammonium 
s u l p h a t e . A s c h e m a t i c diagram of the a p p a r a t u s used i s shown i n 
F i g u r e 3.1. I t can be d i v i d e d i n t o t h r e e major s e c t i o n s . The 
a e r o s o l g e n e r a t o | system c o n s t i t u t e s t h e f i r s t s e c t i o n f o l l o w e d 
by a s t o r a g e v e s s e l i n w hich the a e r o s o l i s s t o r e d w h i l s t the 
h u m i d i t y i s a l t e r e d and monitored. F i n a l l y the apparati>s used t o 
measure the mean p a r t i c l e s i z e i s d e s c r i b e d . T h i s c o n s i s t s of a 
p h o t o e l e c t r i c n u c l e u s c o u n t e r o p e r a t e d in. c o n j u n c t i o n w i t h an i o n 
t u b e . D e t a i l s o f the i n s t r u m e n t a t i o n used i s g i v e n i n the f o l l o w i n g 
s u b s e c t i o n s . 
3.2 The A e r o s o l g e n e r a t o r • 
A n e b u l i z e r based on the C o l l i s o n type (May, 1973) was con-
s t r u c t e d as shown i n F i g u r e 3.2 i n o r d e r t o g e n e r a t e the a e r o s o l 
p a r t i c l e s . The N e b u l i z e r i s shown i n F i g u r e s 3.3 and 3.4. The 
r e s e r v o i r o f volume 5oOcm 3 was s u f f i c i e n t l y l a r g e so t h a t the 
s o l u t i o n c o n c e n t r a t i o n remained a p p r o x i m a t e l y c o n s t a n t d u r i n g u s e . 
Three j e t s , 0.0343cm i n d i a m e t e r , were d r i l l e d i n t h e s p r a y head 
as s e m b l y and the a t o m i s e r was c a r e f u l l y s e a l e d . Wire rnesh formed 
a p r o t e c t i v e s h i e l d around the n e b u l i z e r r e s e r v o i r . 
The n e b u l i z e r was o p e r a t e d at a p r e s s u r e of 351b i n ~ ^ . The 
a t o m i s e d s p r a y l e a v e s the d e v i c e through a h e a t e d v e r t i c a l tube 
i n o r d e r t o v a p o r i s e the w a t e r from th e s a l t d r o p l e t s ; t h i s p r o c e s s 
i s s i m i l a r i n p r i n c i p l e t o t h a t d e s c r i b e d by L i u e t a l . , 19^6. The 
p a r t i c l e s then e n t e r the s t o r a g e v e s s e l . 
3.3 The Storage V e s s e l 
The base of the v e s s e l c o n s i s t e d of a s t a n d a r d g l o v e box • 
w i t h a volume of about 450 l i t r e s . The.top of t h i s box was r e -
moved and a f l e x i b l e 'Mylar' r e s e r v o i r , v;ith a maximum volume of 
550 l i t r e s , "was a t t a c h e d t o the box i n s t e a d . 
T h i s v e s s e l proved a c o n v e n i e n t p a r t i c l e r e s e r v o i r s i n c e i t s 
volume was v a r i a b l e . ' I t a l s o p o s s e s s e d an o b s e r v a t i o n window and 





























F i g u r e 3.1 S c h e m a t i c Diagram of the A p p a r a t u s 









Figure 3,2 Schematic Diagram of the Nebulizer 
F i g u r e 3-3 
The C o l l i s o n n e b u l i z e r . 
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A photograph o f the s t o r a g e v e s s e l i s shown i n F i g u r e 3«5. 
E x i s t i n g i n l e t h o l e s on the box were used t o 
a) i n t r o d u c e t h e a e r o s o l d i r e c t from the h e a t i n g tube 
b) i n t r o d u c e dry, f i l t e r e d a i r from a compressor t o d i l u t e 
the a e r o s o l 
c ) i n t r o d u c e w a t e r t o v a r y the h u m i d i t y 
d) support the sa m p l i n g tube ( o f i n t e r n a l d i a m e t e r 1.905cm 
and l e n g t h 50cm) t o t h e i o n tube. 
A l a r g e a r e a ( a p p r o x i m a t e l y l,7rn~) of the i n t e r n a l w a l l s o f 
the v e s s e l was c o v e r e d w i t h b l o t t i n g p a p e r . V/ater was i n t r o d u c e d 
t h r o u g h a f l e x i b l e tube t o wet t h e paper and c o v e r t h e f l o o r o f 
the s t o r a g e v e s s e l (0.6m ) . The r a t e o f r i s e of the r e l a t i v e humi-
d i t y c o u l d be c o n t r o l l e d by w e t t i i i o n l y p a r t of t h e b l o t t i n g p aper 
t h u s r e d u c i n g the exposed wet a r e a . A check was made to 'insure 
t h a t t h e p r o c e s s of i n t r o d u c i n g w a t e r i n t o the s t o r a g e v e s s e l d i d 
not produce n u c l e i . I t was found t h a t no p a r t i c l e s were produced 
by t h i s p r o c e s s . The d i l u t i n g a i r was f i r s t d r i e d i n a tube of 
l e n g t h 1 metre c o n t a i n i n g c a l c i u m c h l o r i d e and f i l t e r e d b e f o r e 
e n t e r i n g the s t o r a g e v e s s e l . ' I t u s u a l l y took about 10 minutes t o 
f i l l t h e s t o r a g e v e s s e l u s i n g a flo w r a t e of about 50 1 rain-"''. 
3.4 The Psycbromgter 
The r e l a t i v e h u m i d i t y i n the chamber was measured by wet 
and d r y bulb thermometers over w hich a i r was drawn by means o f a 
s m a l l f a n as shown i n F i g u r e 3.6. The r e l a t i v e h u m i d i t y was found 
from Hygrometric T a b l e s p u b l i s h e d by t h e M e t e o r o l o g i c a l O f f i c e 
(Met.0.265b). The a i r speed as measured w i t h a hot w i r e anemometer 
was 1.2 ± 0.2m s 1 , which i s w i t h i n the recommended r a n g e . 
A check was ma.de t o en s u r e t h a t the psychrometer assembly 
d i d not produce p a r t i c l e s . 
3.5 The P h o t o e l e c t r i c Nucleus Counter 
A s c h e m a t i c diagram o f the p h o t o e l e c t r i c n u c l e u s c o u n t e r i s 
shown i n F i g u r e 3.7. I t c o n s i s t s of a v e r t i c a l tube 60cm i n l e n g t h 
and 3.85cm i n diamete r l i n e d w i t h wet b l o t t i n g - p a p e r . The g l a s s 
d i s c s a t both ends a r e t r e a t e d w i t h a n . a n t i m i s t c o a t i n g t o p r e v e n t 
c o n d e n s a t i o n on them. A p a r a l l e l beam o f l i g h t from a s m a l l P.O. 
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F i f i u r e 3 . 7 Schematic. diaeram o f the p h o t o e l e c t r i c nucleus" 
c o u n t e r . 
t h e tube and t h e r e s u l t i n g l i g h t i n t e n s i t y was d e t e c t e d "by a 
b a r r i e r l a y e r p h o t o c e l l , v;hich was connected t o a s u i t a b l e c i r c u i t , 
d e s c r i b e d below. A photograph o f the p h o t o e l e c t r i c c o u n t e r assembly 
i s shown i n F i g u r e 3 . 8 . 
A i r c o n t a i n i n g the p a r t i c l e s under i n v e s t i g a t i o n was drawn 
t h r o u g h the tube v i a v a l v e s 1 and 2 a t a f l o w r a t e o f between 1 
and 1') 1 min-"*" (see F i g u r e 3 . 7 ) • An adequate time wassj a l l o w e d t o 
f l u s h out p r e v i o u s a e r o s o l samples. Then the new a e r o s o l was drawn 
t h r o u g h the counte r and sampling: t o o k place by c l o s i n g v a l v e s 1 
and 2 . Valve 3 was then opened t o p r o v i d e an overpressure o f 160mm 
mercury i n t h e tub e . When t h i s pressure was reached v a l v e 3 was 
c l o s e d and a f t e r a few. seconds v a l v e 4' w^s opened t o a l l o w a d i a -
b a t i c expansion o f the enclosed s u p e r s a t u r a t e d a i r . Table 3 . 1 
g i v e s d e t a i l s o f the t i m i n g sequence. Fog formed on the n u c l e i and 
th e l i g h t i n t e n s i t y decreased. 
The r a t i o o f the c u r r e n t from the n h o t o c e l l bei'm-R Rvnansinn 
t o t h a t a f t e r expansion i s d i r e c t l y r e l a t e d t o the p a r t i c l e number 
c o n c e n t r a t i o n , as shown by Nolan and P o l l a k ( 1 9 4 6 ) . C a l i b r a t i o n 
t a b l e s ^i.Iebnieks and P o l l a k , 1 9 5 9 ) v/ere used t o deduce the number 




0 I n l e t ( l ) and o u t l e t ( 2 ) v a l v e s are opened. 
0 - 50 Valves ( l ) and ( 2 ) remain open and a i r i s 
drawn t h r o u g h the counters a t a r a t e 
determined by t h e r o t a m e t e r . 
60 Valves ( 1 ) and ( 2 ) are cl o s e d and the ove r -
pressure v a l v e ( 3 ) i s opened f o r about 5 - 7 
seconds d u r i n g which time f i l t e r e d a i r i s 
pumped i n t o t h e . c o u n t e r u n t i l the c o r r e c t 
overpressure i s o b t a i n e d . 
- 6 6 Valve ( 3 ) i s c l o s e d . 
104 P h o t o c e l l c u r r e n t i s read. 
105 expansion v a l v e ( 4 ) i s opened. 
109 P h o t o c e l l c u r r e n t i s read. 
113 • Valve ( 4 ) i s c l o s e d . 
Table 3 . 1 D e t a i l s of the two minute o p e r a t i n g c y c l e of the 
p h o t o e l e c t r i c c o u n t e r . 
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The sampling process was automated u s i n g e l e c t r i c a l l y operated 
s o l e n o i d v a l v e s and an e l e c t r i c cam t i m e r . The e n t i r e c y c l e t o o k 2 
m i n u t e s . A two way v a l v e was i n s e r t e d i n the sampling l i n e before 
v a l v e 1 t o j l d i r e c t the a i r f l o w w h i l s t the p h o t o e l e c t r i c counter was 
sealed o f f . This p r o v i d e d a continuous f l o w t h r o u g h the i o n t u b e . 
The v o l t a g e produced by the p h o t o c e l l was a m p l i f i e d by means 
of the i n v e r t i n g a m p l i f i e r shown i n F i g u r e 3«9« The g a i n of t h i s 
c i r c u i t v/as set at about 1 5 0 . A check was made on the l i n e a r i t y of t h e 
o u t p u t s i g n a l from the a m p l i f i e r and the o r i g i n a l p h o t o c e l l c u r r e n t . 
The l i n e a r i t y was found t o h o l d t o w i t h i n a few per cent as shown 
i n F i g u r e 3 . 1 0 . The o u t p u t v o l t a g e v/as f e d i n t o a d i g i t a l v o l t m e t e r 
which possessed a p r i n t - o u t f a c i l i t y . The v o l t m e t e r v/a?= t r i g g e r e d 
j u s t b e f o r e the expansion of the a i r sample i n t h e tube and again 
s x a c t l y 4 seconds a f t e r expansion had taken p l a c e . T h i s conforms 
t o t h e recommendation o f F o l l a k and Metnieks ( 1 9 5 9 ) • 
3 . 6 The D i f f u s i o n B a t t e r y 
The d i f f u s i o n b a t t e r y c o n s i s t s of a number of p a r a l l e l r e c t -
a n g u l a r channels th r o u g h which- a i r v/as drav/r: as s c h e m a t i c a l l y shown 
i n F i g u r e 3 . 1 1 . The r a t i o of the p a r t i c l e c o n c e n t r a t i o n emerging from 
the box (n) t o t h a t e n t e r i n g ( n ^ ) has been c a l c u l a t e d as a f u n c t i o n 
of t h e a i r f l o w r a t e t h r o u g h the box by s e v e r a l workers for.example 
Nolan, IToian and Gormley ( 1 9 3 8 ) . The e q u a t i o n g i v e n i n a form d e r i v e d 
by Thomas and De Marcus ( 1 9 5 2 ) i s 
•C- = 0,9149 e - 1 ' 8 8 5 / ! + 0 , 0 5 9 2 e " 2 2 ' 3 ^ • 0 , 0 2 6 e - 1 5 1 / J ( 3 . 1 ) 
where n 0 
J A D _ 2blcD 
^ " h*Q " hQ 
h == ha,lf the p l a t e s e p a r a t i o n 
b = the channel w i d t h 
c = the number of channels 
1 = t h e l e n g t h of t h e channels 
A = the cross s e c t i o n a l area o f a l l the channels 
Q = the a i r f l o w r a t e 
D = the d i f f u s i o n c o e f f i c i e n t of t h e p a r t i c l e s . 
The box c o n s t a n t , k, i s g i v e n by the e x p r e s s i o n 
( 3 . 2 ) 
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The dimensions of the box used are g i v e n i n Table 3 . 2 below. 
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The box c o n s t a n t was c a l c u l a t e d as 5 • 7 1 x 10 cm . 
Assuming a log-normal d i s t r i b u t i o n i t i s p o s s i b l e t o p l o t a 
s e r i e s o f curves from which the geometric, mean r a d i u s , r , and £eo-
m e t r i c s t a n d a r d d e v i a t i o n , a , can be e s t i m a t e d i f n/n and Q, the 
' g' ' o ' 
f l o w r a t e , are known. The curves d e r i v e d by Puchs e t a l . , ( 1 9 ^ 2 ) , 
are shown i n F i g u r e 3 » 1 2 . A i r was drawn t h r o u g h the equivolurne tube 
t o the c o u n t e r . T h i s gave a value f o r n . Then the a i r v/as d i v e r t e d 
P l a t e s e p a r a t i o n ( 2 h ) 0 . 0 5 7 8 c m 
E f f e c t i v e area of one p l a t e (c£bl) 8 4 0 c m J 
Number o f channels ( c ) 16 
Table 3 . 2 Dimensions of the D i f f u s i o n B a t t e r y 
t o f l o w v i a t h e d i f f u s i o n b a t t e r y t o t h e counter, which gave a value 
f o r n. 
The a i r was drawn t h r o u g h the equivolume tube f o r t h r e e con-
s e c u t i v e c o n c e n t r a t i o n r e a d i n g s , t h r o u g h the d i f f u s i o n b a t t e r y 
f o r t h r e e r e a d i n g s and t h e n again t h r o u g h the equivolume tube f o r 
another t h r e e r e a d i n g s . I n t e r p o l a t i o n i s used t o g i v e d i r e c t com-
p a r i s o n between the n and n v a l u e s . The process v/as repeated at • 
s e v e r a l f l o w r a t e s between 1 and 10 min~^. 
Comparison o f the e x p e r i m e n t a l curves w i t h the t h e o r e t i c a l 
ones y i e l d s the geometric s t a n d a r d d e v i a t i o n , o~ of t h e d i s t r i -
b u t i o n and the v a l u e of the geometric r a d i u s , r^.. Th? graph shown 
i n F i g u r e 3.13 v/as used t o i n t e r p o l a t e between Fuchs' values of 
r a d i u s . 
3. i" The Large I o n Tube 
A c o c y l i n d r i c a l condenser v/as used t o measure the mean r a d i u s 
of the p a r t i c l e s as the h u m i d i t y v/as a l t e r e d . I t was found t o be a 
more convenient and q u i c k e r way of measuring the mean r a d i u s than 
th e d i f f u s i o n b a t t e r y . Comparison o f t h e two methods o f s i z e meas-
urement showed v e r y close agreement, the meaurements o n l y d i f f e r i n g 
by a few per c e n t . 
The i o n tube, shown i n F i g u r e 3.14, i s a c o n c e n t r i c tube 
c a p a c i t o r . The dimensions of the i o n tube are g i v e n i n Table 3*3 
o v e r l e a f . A l o o t e n t i a l d i f f e r e n c e i s a p p l i e d across t h e a i r gap t o 
remove a l l charged p a r t i c l e s w i t h m o b i l i t y g r e a t e r than some c r i t -
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Figure 3«12 Penetration curves of polyiiisiieroe aerosols through a 
par a l l o l - v i a l l c d channel. 
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P a r t i c l e s e n t e r i n g t h e tube are brought t o e l e c t r i c a l e q u i -
l i b r i u m by a r a d i o a c t i v e Americum f o i l o f s t r e n g t h 125/JC. A check 
was made t o ensure t h a t t h i s source d i d not produce par h i d e s . The 
r a t i o o f the c o n c e n t r a t i o n of uncharged p a r t i c l e s ( N q ) t o the 
c o n c e n t r a t i o n o f a l l the p a r t i c l e s (z) has been r e l a t e d t o an 
e q u i v a l e n t s i z e , r , by Keefe, No]an and Rich ( 1 9 5 9 ) w n o assumed 
t h a t t h e charge d i s t r i b u t i o n on the a e r o s o l obeys a Boltzmann law 
when the a e r o s o l i s i n e l e c t r i c a l e q u i l i b r i u m . Values of r as a 
f u n c t i o n of N /Z have benn t a b u l a t e d by Lietnieks and P o l l a k ( I 9 6 I ) . 
The number o f p a r t i c l e s p assing t h r o u g h the tube v/as measured 
w i t h and w i t h o u t the h i g h v o l t a g e a p p l i e d u s i n g a s e q u e n t i a l meas- ' 
urement procedure s i m i l a r t o t h a t v-used w i t h t h d i f f u s i o n b a t t e r y . 
Mean circumference o f the a i r g a p ( b ) 
Length o f the i o n tube ( l ) Pifi, 36cm 
~ i n ^7 f -
Table 3 . 3 Dimensions of the i o n tube 
I t was necessary t o use a h i g h a i r f l o w r a t e o f about 8 1 vnin"''" i n 
orde r t o a v o i d a p p r e c i a b l e d i f f u s i o n l o s s . A v o l t a g e o f 2500V v/as 
used t o ensure complete removal o f the charged p a r t i c l e s as shown 
below. A convenient v o l t a g e source was the Brandenburg model 512 
which was d r i v e n by a D.C. i n p u t v o l t a g e of 10 - 3 W . T h i s has the 
advantage t h a t i t can be swi t c h e d o f f immediately w i t h a simple cam 
s w i t c h . 
The m o b i l i t y o f a p a r t i c l e i s g i v e n by the e q u a t i o n 
10 = v / E ( 3 . 4 ) 
where v i s the v e l o c i t y o f t h e p a r t i c l e and E i s t h e a p p l i e d f i e l d . 
So i t s l o n g i t u d i n a l t r a n s i t time down t h e tube = — = — ( 3 * 5 ) 
where 1 i s the l e n g t h of t h e t u b e , b i s the mean cir c u m f e r e n c e of 
the a i r g a p , h i s t h e spacing between the tubes and Q i s the a i r 
f l o w r a t e . A i s t h e area of the annulus ( ^ b h ) . 
The r a d i a l v e l o c i t y o f the p a r t i c l e i s g i v e n by 
V 







( 3 . 7 ) 
For a c r i t i c a l m o b i l i t y ( w c ) > above which a l l p a r t i c l e s are caught: 
_h?___lbh ^ Q h . ( 3 . 8 ) 
cocV Q e IbV K 1 
So, f o r a f l o w r a t e o f 8 l i t r e s rnin ^ and. an a p p l i e d v o l t a g e o f 
-r> 2 - 1 - 1 
2500 V t h e c r i t i c a l m o b i l i t y i s 1,5 1 10 •'cm V s • T h i s c o r r e - -
sponda t o a r a d i u s o f about 4 micrometres u s i n g t a b l e s due t o 
Metnieks and P o l l a k ( I 9 6 I ) . This i n d i c a t e s t h a t a l l p a r t i c l e s s m a l l -
er than 4 micrometres i n r a d i u s were c a p t u r e d when the v o l t a g e was 
a p p l i e d . I t was necessary t o d r y the i o n tube t h o r o u g h l y a f t e r use 
as condensing 'water was apt t o cause e l e c t r i c a l breakdown .across 
the n e c e s s a r i l y narrow spacing i f a l l o w e d t o .accumulate. 
- 33 -
CHAPTER 4 
THE EXPERIMENTAL PROG'..DUETS AND RESULTS 
4 . 1 The Ex p e r i m e n t a l Procedure 
The f o l l o w i n g e x p e r i m e n t a l procedures were n o r m a l l y adopted 
i n the course o f an e x p e r i m e n t a l r u n : 
The st o r a g e v e s s e l was f i r s t f i l l e d w i t h d r y , f i l t e r e d a i r 
by means of a compressor pump. The system was then t e s t e d f o r 
f i l t e r e d -by means o f the p h o t o e l e c t r i c c o u n t e r t h r o u g h t h e obser-
v a t i o n o f the " s c i n t i l l a t i o n e f f e c t " . When the storage v e s s e l was 
• 0 
f r e e from n u c l e i , a e r o s l p a r t i c l e s generated by the O o l l i s o n atom-
i z e r were i n t r o d u c e d i n t o the storage v e s s e l c o n t i n u o u s l y . The 
p a r t i c l e c o n c e n t r a t i o n was al l o w e d t o r i s e t o about 5 x 10^ p a r -
t i c l e s cm~^ b e f o r e g e n e r a t i o n was stopped; I t was found t h a t , a t 
h i g h e r c o n c e n t r a t i o n s , rarcid hy:ov;th o f t.hp. nst-t.-i f.ir-n v>y >-.,ta ™<i » + ^ ?« 
o c c u r r e d . Measurements o f p a r t i c l e number c o n c e n t r a t i o n were taken 
every ? minutes t h r o u g h o u t each experiment, b e g i n n i n g as soon as 
th e a e r o s o l g e n e r a t o r was sw i t c h e d on. The psychrometer f a n was 
swi t c h e d on a t the s t a r t o f an e x p e r i m e n t a l run and the wet and 
dr y b u l b r e a d i n g s were taken throughout t h e experiment a t 2 minute 
i n t e r v a l s . 
A t y p i c a l v a r i a t i o n o f p a r t i c l e number c o n c e n t r a t i o n w i t h 
time from the i n i t i a l i n t r o d u c t i o n o f the p a r t i c l e s i s shown i n 
Fi g u r e A . l , E q u i v a l e n t s i z e measurements were r=3&fr, when the p a r t i c l e 
c o n c e n t r a t i o n became steady, u s i n g an i o n tub e . This technique has 
a l r e a d y been d e s c r i b e d i n s e c t i o n 3*7. The s i z e measurements were 
tak e n c o n t i n u o u s l y throughout the experiment. 
Once- the i n i t i a l s i z e was e s t a b l i s h e d , the h u m i d i t y i n the 
chamber was r a i s e d by i n t r o d u c i n g water i n t o t h e storage v e s s e l . 
S e l e c t e d p a r t s of the w a l l s were wette d i n or d e r t o o b t a i n s i z e 
measurements a t i n t e r m e d i a t e h u m i d i t y v a l u e s . I t was found t h a t the 
r e l a t i v e h u m i d i t y remained q u i t e s t a t i o n a r y over a s i z e measurement. 
For example, i n the range of h u m i d i t y between 70 and 8 9 $ , the 
h u m i d i t y rose by o n l y 3$ d u r i n g the course of a complete s i z e 
measurement. 
The r a t e o f r i s e o f h u m i d i t y c o u l d be i n c r e a s e d by i n t r o d u c -
i n g a d d i t i o n a l water t o the v e s s e l . Luring- a complete e x p e r i m e n t a l 
r u n , a t l e a s t f i v e s i z e measurements c o u l d be made at d i f f e r e n t 
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F i g u r e 4«i Typical, v a r i a t i o n i n p a r t i c l e c o n c e n t r a t i o n d u r i n g 
experiment. 
50 per cent w h i l s t the h i g h e s t v a l u e was u s u a l l y of t h e order o f 
92 per c e n t . 
A.* ^  'I'hp. Generated Aero s o l 
A s o l u t i o n c o n c e n t r a t i o n o f about 0 . 0 0 5 ^ by weight i n the 
-6 
C o l l i s o n atomizer was found t o produce p a r t i c l e s of about 2 x 10 cm 
mean r a d i u s . A n a l y s i s of t h e s i z e d i s t r i b u t i o n was c a r r i e d out 
u s i n g the d i f f u s i o n b a t t e r y as d e s c r i b e d i n s e c t i o n 3«6. T y p i c a l 
r e s u l t s , shown i n Figures 4 » 2 and 4 .3> i n d i c a t e t h a t t h e d i s t r i -
b u t i o n was a p p r o x i m a t e l y l o g normal w i t h a geometric mean r a d i u s 
and geometric s t a n d a r d d e v i a t i o n of 2 .44> 3.16 and 2 . 7 8 , 2 . 5 1 f o r 
sodium c h l o r i d e and ammonium sulphate p a r t i c l e s r e s p e c t i v e l y . A 
Graph of n/n at 0 . 4 3 p l o t t e d a g a i n s t log- i . 8 8 5 2 y u s i n g Fuchs' 
d a t a v;as used t o i n t e r p o l a t e between Fuchs' curves i n order t o 
o b t a i n values o f the geometric mean r a d i u r i a t i n term; d i a t e p o i n t s , 
'ilkis ~rriph i.r. Gh^-.u I n .7iaux-« 3»13 ami -cue Theory i s e x p l a i n e d i n 
s e c t i o n 3«;r>» 
4 . 3 Co a b l a t i o n E f f e c t s 
A t y p i c a l experiment t o o k a p p r o x i m a t e l y one and a h a l f hours 
t o p e r f o r m d u r i n g which t i j n e one would expect some c o a g u l a t i o n and 
an i n c r e a s e i n the mean p a r t i c l e s i z e t o occur. To check on t h i s , 
e x p e r i m e n t a l runs were c a r r i e d out i n which the h u m i d i t y was not 
a l t e r e d b ut the p a r t i c l e s i z e was monitored c o n t i n u o u s l y . I n a 
t y p i c a l experiment +-he h u m i d i t y changed from 62$ t o o4/.?. Five s i z e 
measurements were made which showed no sys t e m a t i c i n c r e a s e w i t h 
t i m e . The mean and s t a n d a r d d e v i a t i o n of the 5 measurements were 
-6 -6 
3 .047 x 10 cm and O . I 4 0 7 x 10 cm r e s p e c t i v e l y . The standard e r r o r 
was 0 . 0 7 0 4 x 10 cm or about 2 .3/* which suggests t h a t the c o n t r i -
b u t i o n of c o a g u l a t i o n t o the p a r t i c l e g rowth can be regarded as 
n e g l i g i b l e . 
4 . 4 The Ex p e r i m e n t a l R e s u l t s and D i s c u s s i o n 
The measurements of p a r t i c l e s i z e as the r e l a t i v e h u m i d i t y 
was i n c r e a s e d are shown i n F i g u r e s 4 « 4 and 4 . 5 f o r b o t h ammonium 
su l p h a t e and sodium c h l o r i d e p a r t i c l e s . The measurements f o r 
ammonium sul p h a t e r e p r e s e n t the growth f o r t h r e e i n i t i a l d r y r a d i i 
of 2 . 8 x 10" cm, 2 . 9 x 10~'cm and 3 .1 x 10"'cm. I t can be seen t h a t 
the s m a l l e s t p a r t i c l e s i z e grows t o 4 « 0 x 10"°cm as the h u m i d i t y i s 
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The F.ym'bo].:; r e p r e s e n t d i f f e r e n t 
e x p e r i m e n t a l r u n s . 
J I i l I I L 
10 -5 
Particle Radius (cm) 
F i g u r e 4 . 4 figperimental growth o f rurnnoniun. nulnhs.te. 





The symbols r e p r e s e n t d i f f e r e n t 
experiment t i l r u n s . 
01 _j i i i i i i _ 
10"6 1C 
Particle Radius (cm) 
F i g u r e 4 . 5 E x p e r i m e n t a l growth of sodium oYiloi 
—o 
The l a r g e s t p a r t i c l e s i z e o f 3 .1 x 10 em i s inc r e a s e d t o a v a l u e 
o f 5 « 0 x 10~°C!n which i s an inc r e a s e of 615?.. The growth of sodium 
c h l o r i d e p a r t i c l e s o f i n i t i a l r a d i u s 2 , 5 1 10~'>cm, 2 . 7 x 10" cm and 
2 . 8 x 10 °cm as the h u m i d i t y i s in c r e a s e d from about 60% t o about 
92$ i s shown i n F i g u r e 4.5* '-'-he s m a l l e s t p a r t i c l e s i n c r e a s e i n size-! 
"by a f a c t o r o f two over t h i s rang--:. A summary of the f r a c t i o n a l 
i n c r e a s e i n p a r t i c l e s i z e as the h u m i d i t y i:-s i n c r e a s e d t o the maxi-
mum value i s g i v e n i n Table 4*1 f o r b o t h s a l t s . 
I n i t i a l 
H u m idity 
Kadiug 
(x 10°cm) 
P i n a l 
H u m i d i t y 
m 
Radius 
(x 10 cm) 
F r a c t i o n a l 
Size . 
































































67 2 . 8 - B9 4 . 4 O.57 
Table 4 » 1 T y p i c a l E x p e r i m e n t a l Growth of Ammonium 
Sulphate and Sodium C h l o r i d e p a r t i c l e s . 
A comparison i s made between the e x p e r i m e n t a l growth curves 
and the t h e o r e t i c a l p r e d i c t i o n s according; t o Equation 2 . 1 3 . Two 
t h e o r e t i c a l curves f o r ammonium sulphar,e, between which, t h e exper-
i m e n t a l p o i n t s are a p p r o x i m a t e l y bounded, are drawn f o r i n i t i a l d r y 
p a r t i c l e r a d i i of 2 . 4 x 10 %m and 2;o x 10~^cm i n F i g u r e 4 « 6 . 'The 
comparison shows good agreement between the e x p e r i m e n t a l values 
and the t h e o r e t i c a l curves r e p r e s e n t i n g p a r t i c l e s i z e s o f ^.1 x 
- 6 - 6 
10 '.cm and 3 » 3 x 10 cm a t 60% r e l a t i v e h u m i d i t y . S i m i l a r t h e o r -
e t i c a l curves are drawn f o r sodium c h l o r i d e i n Fi g u r e 4 « 7 f o r 
- 6 - 6 
i n i t i a l d r y p a r t i c l e r a d i i o f 1 .8 x 10 cm and 2 . 0 x 10 ' cm. These 
y i e l d v a l u e s o f the t h e o r e t i c a l r a d i i a t 6O5& r e l a t i v e h u m i d i t y o f 
6 6 
2 . 8 x 10 era and 3 » 1 x 10 cm which compare f a v o u r a b l y w i t h t h e 
i n i t i a l e x p e r i m e n t a l v a l u e s . 
The e x p e r i m e n t a l p o i n t s l i e v e r y c l o s e t o the p r e d i c t e d l i n e s 
w i t h some v a r i a t i o n which may be e x p l a i n e d i n terms of the p a r t i c l e s 
g o i n g i n t o s o l u t i o n and r e c r y s t a l l i s i n g b e f o r e e n t e r i n g the h u m i d i t y 
chamber. When the p a r t i c l e s are generated by.the n e b u l i z e r t h e y are 
d r o p l e t s o f s o l u t i o n . Sinco t h e y are d r i e d t o about 55a 1 r e l a t i v e 
- 36 -






Tne symbols r e p r e s e n t 
d i l f e r e n t e x p e r i m e n t a l 
runs 
0 J I 
10 10 
Particle Radius (cm) 
F i g u r e 4 oroparison of t h e o r y w i t h experiment QiaC 1 
i 
[ 
- I ' 
<D 
50 
The symbols represen 




F i g u r e 4 . 7 
Particle radius (cm) 
Comparison of t h e o r y w i t h experiment. ( ( N H V o O 
h u m i d i t y a p r o p o r t i o n w i l l r e o r y s t a l l i s e but some w i l l remain i n a 
s u p e r s a t u r a t e d s o l u t i o n form. This m i x t u r e of p a r t i c l e s i s then 
i n t r o d u c e d t o the storage chamber where the h u m i d i t y i s i n c r e a s e d . 
The s u p e r s a t u r a t e d d r o p l e t s would be expected t o f o l l o w a cujve 
s i m i l a r t o the t h e o r e t i c a l curve as shown by curves ( a ) i n Fig u r e s 
4 . 6 and 4 « 7 but t h e dry p a r t i c l e s , on r e a c h i n g a c r i t i c a l h u m i d i t y , 
w i l l go i n t o s o l u t i o n and grow s i g n i f i c a n t l y over a v e r y s m a l l 
range o f h u m i d i t y . At t h i s p o i n t some s p r e a d i n g o f the p o i n t s w i l l 
s t a r t t o occur. Work by Orr e t a l . ( 1 9 5 6 ) i n d i c a t e s t h a t p a r t i c l e s 
t e n d t o d i s s o l v e a t a p r e c i s e v a l u e o f the h u m i d i t y but r e c r y s t a l -
l i s a t i o n can occur over a much wider range and cannot y e t be s a t i s -
f a c t o r i l y p r e d i c t e d . The earne work suggests t h a t sodium c h l o r i d e 
and ammonium s u l p h a t e p a r t i c l e s w i t h i n i t i a l r a d i i .of the order o f 
0 . 0 1 micrometres would c o m p l e t e l y d i s s o l v e a t about 70$ and 63$ 
r e l a t i v e h u m i d i t y r e s p e c t i v e l y . 
A spread o f r e s u l t s i s indeed observable i n !.he ^nrl'mm nvn 
ide curve at a value of 73$ t o .74/ r e l a t i v e h u m i d i t y . There appears 
t o be a l a c k of spread i n the e x p e r i m e n t a l values f o r ammonium 
s u l p h a t e which p r o b a b l y i n d i c a t e s t h a t o n l y a sma l l percentage o f 
p a r t i c l e s r e c r y s t a l l i s e d a f t e r g e n e r a t i o n . I t can be seen t h a t 
maximum p a r t i c l e growth occurs f o r the two s a l t s a t t h e h i g h e r 
v a l u e s o f r e l a t i v e h u m i d i t y . E x p e r i m e n t a l measurements a t co n s t a n t 
h u m i d i t y i n d i c a t e t h a t c o a g u l a t i o n p l a y s l i t t l e p a r t i n the growth 
of t h e a e r o s o l p a r t i c l e s compared w i t h the growth due t o the con-
d e n s a t i o n o f water vapour. 
- 37 
CHAPTER 5 
AN AJ.'ALYSIS OF THE ATHOSPHERIC AEROSOL SAMPLED 
AT DURHAM UNIVERSITY 
5 » 1 I n t r o d u c t i o n 
I n order, t o c a l c u l a t e the e f f e c t o f r e l a t i v e h u m i d i t y on the 
growth of atmospheric p a r t i c l e s i t i s d e s i r a b l e t o know the shape 
of t h e p a r t i c l e s i z e d i s t r i b u t i o n . S i m i l a r l y , knowledge of the 
s i z e d i s t r i b u t i o n i s e s s e n t i a l i n order t o make accurate p r e d i c t i o n s 
of the e f f e c t o f p a r t i c l e growth on t h e e x t i n c t i o n c o e f f i c i e n t . 
Few p a r t i c l e s i z e d i s t r i b u t i o n measurements have be.--;n pub-
l i s h e d which e x t e n d over p e r i o d s longer t h a n a few days. Measure-
ments of the s a l t c ontent o f the a i r sampled between 100 and 1600 
hours i n J u l y and August 1970 have been made by Blanohard and Syz- . 
del: ( l ? 7 £ ) a t Gttlia i ' L Iicf./«.ii. Jungw ana Jaenicfce ( i y ? l ) have p r e s e n t -
ed data c o l l e c t e d over 24 days"from 13 A p r i l I 9 6 9 d u r i n g the 
A t l a n t i c e x p e d i t i o n of th e 3 . V . l l e t e o r a:'d Whitby e t a l . ( 1 9 7 5 ) 
have p u b l i s h e d d a t a c o l l e c t e d over 24 hours on 19 and 20 September 
1972 a l o n g the Harbor Freeway i n Los Angeles, C a l i f o r n i a . 
The r e s u l t s presented here are based on measurements of the 
n a t u r a l a e r o s o l s i z e d i s t r i b u t i o n i n t h e r a d i u s range 0 , 2 5 t o 5 « 0 
micrometres r a d i u s : over a 49 day p e r i o d from 21 J u l y t o 3 Septem-
ber 1975 at Durham Observatory. An attempt i s made t o c o r r e l a t e the 
p a r t i c l e c o n c e n t r a t i o n i n f i v e s i z e ranges w i t h some common meteor-
o l o g i c a l parameters, i n p a r t i c u l a r h u m i d i t y and wind speed. 
5 . 2 The I n s t r u m e n t a t i o n and :'easurement Procedures 
A Hoyco model 225 o p t i c a l p a r t i c l e was used. I t a l l o w e d t h e 
ae r o s o l p a r t i c l e s i z e range t o be c l a s s i f i e d i n t o f i v e r a d i u s c a t e -
g o r i e s , v i a . 0 . 2 5 - 0 . 3 5 , 0 . 3 5 - 0 . 7 , 0 . 7 - 1 . 5 , 1 . 5 - 2 . 5 and 
2 . 5 - 5 « 0 micrometres. The counter was p r e c a l i b r a t e d w i t h homogeneous 
sources of Latex p a r t i c l e s over t h e f i v e ranges. 
Measurements were made at Durham Observatory, s i t u a t e d about 
2 km SSVi of Durham C i t y i n t h e r i o r t h o f England. The c i t y has a 
p o p u l a t i o n of 2 8 , 2 5 0 and some l i g h t i n d u s t r y . Continuous r e c o r d s of 
windspee.dj wind d i r e c t i o n , temperature and h u m i d i t y were a v a i l a b l e 
at t h e s i t e . 
A i r was drawn i n at a h e i g h t of 4m above ground l e v e l . An o i l 
f r e e Diaphragm pump o p e r a t i n g a t a f l o w r a t e o f 70 1 min""* was used 
t o draw the a i r through a n i x i n g v e s s e l from which a sample was 
drawn t o the o p t i c a l counter sensor head v i a a s h o r t p i e c e o f 
a n t i s t a t i c t u b i n g a t a constant f l o " r a t e of 2.f33 1 min""*'. C a l c u l -
a t i o n s showed, u s i n g the f r a c t i o n a l l o s s f o r m u l a f o r p a r t i c l e s 
s e t t l i n g i n a h o r i z o n t a l tube (Thomas, 195")> t h a t n e g l i g i b l e l o s s 
o f p a r t i c l e s o c c u r r e d i n the sampling t u b e . The number c o n c e n t r a t i o n 
f o r each s i z e c a t e g o r y was p r i n t e d onto an a u t o m a t i c a l l y o p e r a t i n g 
d i g i t a l l i n e p r i n t e r and subsequent a n a l y s i s of the; measurements 
was c a r r i e d out on an IBL1 37O/160 computer. 
5 « 3 The Experiments,! R e s u l t s 
•Results are d e s c r i b e d of continuous riieasurements over 49 days 
from 21 J u l y t o 0 September 1975 t h e p a r t i c l e s i z e d i s t r i b u t i o n 
i n t h e r a d i u s range 0 . 2 5 t o 5 micrometres at Durham Observatory, I n 
a d d i t i o n an a n a l y s i s i s made o f a e r o s o l p a r t i c l e s i n e measurements 
t c o n t i n u o u s l y ovary .:iinu.i,e wvnr t: 6 day p e r i o d from i | j J u l y 
t o 21 J u l y 1975 i " Durham. 
Lieasuremen t s of the p a r t i c l e r a d i u t c a t e g o r i e s 0 . 2 5 - 0.33J 
O .35 - 0 . 7 , 0 . 7 - 1 . 5 , . 1 . 5 - 2 . 5 and 2 . 5 - 5 . 0 micrometres wore 
taken s u c c e s s i v e l y over a p e r i o d o f t e n minutes so t h a t an e n t i r e 
sampling c y c l e t o o k f i f t y minutes. The d i u r n a l v a r i a t i o n of the 
i n d i v i d u a l p a r t i c l e s i z e c a t e g o r i e s averaged over the 49 c o n t i n u o u s 
o b s e r v a t i o n a l days i s sho'Ti i n Fi g u r e 5.1. I t c l e a r l y shows.maxi-
mum number c o n c e n t i a t i o n o c c u r r i n g i n a l l siae ranges, w i t h the 
ex c e p t i o n o f the l a r g e s t p a r t i c l e s , d u r i n g the p e r i o d from 0200 t o 
0800 3ST ( B r i t i s h Standard Time). The a f t e r n o o n p e r i o d from 1400 
up t o about 2000 hours 13ST i s c h a r a c t e r i s e d by a d i s t i n c t minimum 
i n p a r t i c l e c o n c e n t r a t i o n f o r the lower p a r t i c l e s i z e c a t e g o r i e s . 
The h o u r l y v a r i a t i o n s of p a r t i c l e c o n c e n t r a t i o n i n t h r e e of 
th e s i z e ranges i s shown i n F i g u r e 5 « 2 over the t o t a l p e r i o d o f 
measurement. Two curves are o m i t t e d f o r c l a r i t y b ut th e y f o l l o w t h e 
same g e n e r a l p a t t e r n of v a r i a t i o n shown by t h e 0 . 2 5 - 0 . 3 5 m i c r o -
metre range. The inc r e a s e i n p a r t i c l e numbers at n i g h t f o l l o w e d by 
an a f t e r n o o n decrease can be observed l u r e . A g e n e r a l i n c r e a s e i n 
th e number c o n c e n t r a t i o n can be seen t o occur from about the 3 r d 
t o t h e 15 th o f August which corresponds t o a s i g n i f i c a n t i n c r e a s e 
i n the d a i l y average temperatures f o r t h e p e r i o d . This i s r e f l e c t e d 
i n t h e p o s i t i v e c o r r e l a t i o n c o e f f i c i e n t v a l u e s shown i n Table 5 » 3 
and p r o b a b l y i n d i c a t e s t h a t photochemical r e a c t i o n s are making an 
i m p o r t a n t c o n t r i b u t i o n t o p a r t i c l e p r o d u c t i o n . 
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Table 5 .1 
Summary of S t a t i s t i c . s of Partie.le Conoetitration 
Diameter 
Range (jum) 
0 . 5 - 0 . 7 0.7-1.4 1 .4-3.0 3 . 0 - 5 . 0 5.0-10.0 
Geometric 
Mean Radius 
of I n t e r v a l 
(J*m) 




( e n " 3 ) 
6.372 2 . 0 6 5 9 . 0 3 6 
x 10" 1 
4.975 
x 10 
5 . 5 5 5 





5 . 5 0 9 2 . 8 9 9 1.372 5 . 7 2 2 
x 10~ 2 
5.430 
x 10" 3 
.Standard 
E r r o r («'j£=;) 
1 n ^ i 
* y»- -/ 1 
x 1 0 " 1 
rt t r- ry 
x 10 "• 
3 . 9 9 ^ 
x 10~ 2 
1.66-p 
x.10 J x 10" 4 
Geometric 
Mean 
3 . 353 1.084 5 . 1 7 8 
x 10~" 
3.559 
x 10" 2 
3 . 3 9 1 
x 10 -
i.iedian 3 .647 . 9 . 5 6 9 
x 10" 1 
4 . 7 7 0 
x 10" 1 
3 . 531 
x 10~ 2 
3.384 
x 10~ 3 
Number of 
Cases 
1147 1175 1164 1182 1184 
Number of 
Cases >0 
11..! 7 1175 1184 1182 1170 
dH 
dl o g ( r ) 
43.61 6 . 8 6 0 2.730 0 . 2 2 4 3 0 . 0 1 8 4 5 
Standard 
E r r o r on 
dll 
d l o g ( r ) 
1.316 0 . 2 8 1 0 0.1205 7 . 5 0 5 
x 10" 3 
5 . 2 9 2 
x 10~ 4 
dV 
dl o g ( r ) 
( r inyUm) 
4 . 727 3 . 4 - 5 '12.30 6.822 3 . 4 1 6 
Standard 
E r r o r oh 
dV 
d l o g ( r ) 
O .1426 O .1428 0 . 5 4 3 3 0.2233 O .09798 
- 40 -
A frequency d i s t r i b u t i o n o f the i n d i v i i l . u a ! o b s e r v a t i o n s over 
tine 49 clays sampling was c a l c u l a t e d using; s u i t a b l e c l a s s i n t e r v a l s . 
The cumulative frequency d i s t r i b u t i o n , Which expresses t h e p e r c e n t -
age o f ob s e r v a t i o n s l e s s than a s e l e c t e d value of p a r t i c l e concen-
t r a t i o n N, was c a l c u l a t e d and p l o t t e d on p r o b a b i l i t y paper. 
The r e s u l t s o f the c u m u l a t i v e d i s t r i b u t i o n o f the f i v e s i z e 
ranges are shown i n Fif.ure 5»3. A l i n e o f best f i t u s i n g the weigh-
t e d l e a s t squares procedure which a l s o a l l o w s f o r the e x a g g e r a t i o n 
of the d e v i a t i o n s due-to p r o b a b i l i t y s c a l e i s drawn i n each case. 
This procedure was developed hy K o t t l e r (1950)• I t can be seen t h & t 
the p a r t i c l e c o n c e n t r a t i o n f o l l o w s c l o s e l y a l o g normal' d i s t r i b u -
t i o n i n each. case. 
The geometric mean, Z , and the geometric s t a n d a r d d e v i a t i o n , 
£> 
a , can be obtained d i r e c t l y -from the graph, since Z. corresponds t o 
£ _ £' 
t h e S0£ p r o b a b i l i t y value and 
UA'l number co-'oen t r a t i o n _ 50^ number- concent rat, i o n 
°g ~ 11O). number c o n c e n t r a t i o n lof., numbcri- c o n c e n t r a t i o n 
The v a l u e s of Z and o~. ob t a i n e d fiv,m t h e curves o f Fi g u r e 
£ S 
5.3 compare v e i l >--ith the computed values as seen i n Table ^.2. 
The p a r t i c l e s i a e d i s t r i b u t i o n , averaged over 49 days of con-
t i n u o u s measurement, i s . p r e sented i n F i g u r e 5*4 as a l o g - r a d i u s 
number d i s t r i b u t i o n f o l l o w i n g Junge (1963)* The graph suggests t h a t 
t h e a e r o s o l p o p u l a t i o n may be formed o f two separate components 
which would account f o r the s l i g h t d e v i a t i o n o f the c e n t r a l s i z e 
range. However f i v e p o i n t s are i n s u f f i c i e n t t o r e s o l v e t h e compo-
nents so.a s i n g l e d i s t r i b u t i o n f o l l o w i n g a d i s t r i b u t i o n d e s c r i b e d 
by Junge has been assumed. The equ a t i o n used by Junge i s 
dlogr o e (5.1) 
where drT i s t h e number of p a r t i c l e s per cm^ i n th e range d l o g r 
and C i s a constant depending on the t o t a l number, N, of p a r t i c l e s 
per cm". 
A weighted l i n e o f best f i t y i e l d s a slope p o f 3.04. A study 
o f t h e e f f e c t o f sampling frequency on the d i s t r i b u t i o n o f p a r t i c l e 
number c o n c e n t r a t i o n was made, Measurements o f the p a r t i c l e concen-
t r a t i o n i n the s i z e range 0.25 ~~ 0,35 'micrometre .radius were taken 
every minute f o r a 6 day p e r i o d from 15 t o 21 J u l y 1975 g i v i n g - a 
t o t a l o f 76OO counts. There i s an i n t e r v a l of 67 seconds between 
successive counts since an i n t e r v a l o f 7 seconds i s r e q u i r e d f o r 
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r e a d i n g s of p a r t i c l e number c o n c e n t r a t i o n which were l e s s than 
s e l e c t e d values, of t h e percentage d e v i a t i o n from t h e mean of a l l 
the measurements i s shown i n F i g u r e 5«5« The s o l i d l i n e r e p r e s e n t s 
th e one minute sampling measurements. The c l r s e p r o x i m i t y o f t h e 
measured values f o r t h e t e n and twenty minute i n t e r v a l s i n d i c a t e 
t h a t the sampling frequency may he i n c r e a s e d by at l e a s t t w e n t y -
f o l d from a one minute sampling- frequency w i t h o u t s i g n i f i c a n t l o s s 
o f i n f o r m a t i o n . 














me an Z of 
e 
p a r t i c l e 
3.75 0.98 0.48 0.035 0.004 
r» r\ n r* a v> + -»•» o -i rw* 
crn""^ ( f r o m F i g . 5«6) 
1 
Computed value 
o f Z from a l l 
measurements 
3.85 1.08 0.52 O.036 0.0039 
Computed value 
o f the median 
3.65 O.96 0.48 0.035 0.0039 
Geometric 
Standard 
D e v i a t i o n cr , 
of p a r t i c l e 
c o n c e n t r a t i o n 
( f r o m F i g . 5.6) 
3.13 3.19 2.52 2.11 2.37 
Computed v a l u e 
o f a . 
2.84 3.05 2.67 2.21 2.44 
Table 5«2 A comparison o f the s t a t i r s t i c s < o b t a i n e d from the 
c u m u l a t i v e curves w i t h t h e a c t u a l values o b t a i n e d d i r e c t l y 
f r o m t h e d a t a . 
T h i s f i n d i n g i s r e i n f o r c e d by a s i m i l a r a n a l y s i s c a r r i e d out 
on t h e measurements of p a r t i c l e c o n c e n t r a t i o n over the 49 days. I n 
Fi g u r e 5.6 the s o l i d l i n e s r e p r e s e n t the f i f t y - m i n u t e sampling 
measurements f o r the s m a l l e s t and l a r g e s t r a d i u s i n t e r v a l s . The 
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sampling f r e q u e n c i e s compared w i t h the 50 minute s o l i d curves 
i l l u s t r a t e s the the sampling frequency can be extended t o these 
l a r g e v a l u e s p a r t i c u l a r l y over l o n g measurement p e r i o d s . The curves 
i n d i c a t e t h a t about 30^ . o f the t o t a l number of measurements are 
w i t h i n of t h e o v e r a l l mean c o n c e n t r a t i o n value f o r the s m a l l e s t 
p a r t i c l e s and about ^O'jt of the measurements l i e w i t h i n one s t a n d a r d 
d e v i a t i o n o f the mean. Higher c u m u l a t i v e percentage v a l u e s apply 
t o l a r g e r p a r t i c l e s . 
A c o r r e l a t i o n a n a l y s i s was c a r r i e d out on the 49 day r e s u l t s . 
The Pearson, product-moment c o r r e l a t i o n c o e f f i c i e n t s between.the 5 
p a r t i c l e c o n c e n t r a t i o n s and v/indspeed, wind d i r e c t i o n , h u m i d i t y and 
temperature are shown i n Table 5«3.'The c o e f f i c i e n t s have a s i g n i -
i f c a n c e l e v e l o f 0.1$ unless o t h e r w i s e s t a t e d . The measurements of 
wi n d d i r e c t i o n may not be s e n s i t i v e enough t o y i e l d any d e t a i l e d 
r e s u l t s s i n ce t h e wind was c l a s s i f i e d i n quadrant i n t e r v a l s due t o 
J , 1 . _ _. _ „ - i _ J. - S.' J. 1_ _ "1 - .1. .. .O. . . . 1 1 . 1 1 * 
There was i n s u f f i c i e n t r a i n f a l l d u r i n g the p e r i o d t o i n c l u d e t h i s 
as one o f the parameters. There i s h i g h c o r r e l a t i o n between a d j a c e n t 
s i z e ranges and, w i t h the e x c e p t i o n o f t h e l a r g e s t p a r t i c l e s , a 
r e l a t i v e l y h i g h c o r r e l a t i o n of p a r t i c l . 3 number c o n c e n t r a t i o n w i t h 
windspeed was o b t a i n e d . 
A s c a t t e r diagram of windspeed i n k n o t s versus p a r t i c l e con^ 
c e n t r a t i o n i n the range 0.25 - 0-35 micrometres i s shown i n Fi g u r e 5-7 • 
The l i n e o f r e g r e s s i o n of the parameter Y { l o g ^ g ( p a r t i c l e concen-
t r a t i o n ) ^ on X (windspeed) i s 
Y = -0,0588 X + 0,8953 ( 5 # 2 ) 
The decrease i n p a r t i c l e c o n c e n t r a t i o n w i t h i n c r e a s e i n windspeed 
occurs f o r a l l s i z e c a t e g o r i e s examined and can p r o b a b l y be a t t r i -
b u t e d t o i n c r e a s e d v e r t i c a l t r a n s p o r t a t i o n of the p a r t i c l e s due t o 
an i n c r e a s e i n atmospheric turbulence-. 
F i g u r e 5*8 shows a s c a t t e r diagram o f the r e l a t i v e h u m i d i t y 
v e r s u s p a r t i c l e c o n c e n t r a t i o n i n the same range. Poor c o r r e l a t i o n 
i s o b t a i n e d a l t h o u g h an i n c r e a s e i n c o n c e n t r a t i o n w i t h h u m i d i t y 
might be expected i f the p a r t i c l e s grow since t h e r e are more s m a l l 
p a r t i c l e s than l a r g e ones. 
Table 5*4 shows the percentage of p a r t i c l e counts made w i t h 
the wind i n each quadrant. 
5.4 D i s c u s s i o n and conelusions 
T h e . d i u r n a l v a r i a t i o n o f the n a t u r a l a e r o s o l p a r t i c l e s i z e 
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d i s t r i b u t i o n i n the s i z e range from 0.2F> t o 1.4 micrometres i n 
r a d i u s i s d i s t i n c t i v e i n t h a t i t assume0 a shape v;hich i s approx-
i m a t e l y an i n v e r s e r e l a t i o n t o t h a t n o r m a l l y measured f o r the sub-
miorometre A i t k e n p a r t i c l e d i s t r i b u t i o n . 
The d i u r n a l v a r i a t i o n o f the t o t a l p a r t i c l e c o n c e n t r a t i o n i n 
the s i z e range 0.7 t o 5*0 micrometres averaged over 49 days a t 
Durham Observatory compares f a v o u r a b l y w i t h measurements made b;/ 
j.larple, Sverdrup and V/hitby (197") along the Harbor Freeway i n 
Los Angeles, C a l i f o r n i a . T h e i r measurements, made i n the s i z e range 
0.5 t o 5.0 micrometres, were taken d u r i n g the dates 19, 20, 21, 27, 
26 and 29 September u s i n g an average of 15 measurements per hour. 
The mean values i n the r a d i u s range 0.5 - 5»U micrometres are shown 
Wind 
d i r e c t i o n 
Number o f 
p a r t i c l e 
counts 
i 
NE 255 22.3 
SE . 88 7.4 
SW 409 41.1 
NW 349 29.3 
Table 5«4 V/ind d i r e c t i o n d u r i n g 
p e r i o d of c o u n t i n g 
i n F i g u r e 5«9 a« d i u r n a l shape compares f a v o u r a b l y w i t h the 
d i u r n a l v a r i a t i o n o f the t o t a l c o n c e n t r a t i o n o f p a r t i c l e s i z e i n 
the r a d i u s range 0.7 - 5»0 micrometres averaged over 49 tLays a t 
Durham Observatory, p l o t t e d i n Fi g u r e 5»9b. 
The g e n e r a l increase i n p a r t i c l e c o n c e n t r a t i o n p a r t i c u l a r l y 
i n the lower s i z e ranges i n t h e p e r i o d 0000 t o 0600 hours can 
pr o b a b l y be p a r t l y a t t r i b u t e d t o the inc r e a s e i n h u m i d i t y , as a l s o 
r e f l e c t e d i n t h e p o s i t i v e c o r r e l a t i o n between the parameters, seen 
i n Table 5«2. The d i s t i n c t minimum i n the p e r i o d from about 1400 
t o 2000 hours may be p a r t l y due t o c o a g u l a t i o n w i t h A i t k e n p a r t i c l e s 
which have been shov.'n by s e v e r a l workers t o have a h i g h c o n c e n t r a -
t i o n i n t h i s p e r i o d . 
The r e s u l t s from F i g u r e s 5*5 arid. 5»S i n d i c a t e t h a t p a r t i c l e 
s i z e d i s t r i b u t i o n s can be made l e s s f r e q u e n t , by as much as tw e n t y -
f o l d , w i t h o u t s i g n i f i c a n t l o s s o f i n f o r m a t i o n . This i s i m p o r t a n t 
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"before s e r v i c i n g i s r e q u i r e d and i n a d d i t i o n the volume o f p a r t i c l e 
s i z e data r e q u i r e d f o r a n a l y s i s can be s u b s t a n t i a l l y reduced. 
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